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The Condition of Certain Matrices, III’ 
John Todd?’ 


The condition-numbers of certain matrices associated with various discretizations of the 

two-dimensional Laplacian operator are estimated. The condition-number gives an estimate 

of the error obtained by solving the corresponding systems of simultaneous linear equations, 
1. Introduction. In a previous paper [Todd, 8a] * the condition of a matrix associated with 
a particular method of solving a simple partial differential equation was discussed. Certain 
experimental computations of D. M. Young and his collaborators [Young, 13] suggested the 
discussion of other methods of handling the same equation. The P-condition number of a 
matrix .V/ is defined as \/u where \ is the maximum and xz is the minimum of the absolute values 
of the eigenvalues of M; it gives a measure of the difficulty in the numerical inversion of M, or, 
more precisely, of an error in the inverse computed by an elimination method [von Neumann 

and Goldstine, 11; Todd, 8a, 9]. 

In [Sa] we considered the solution of the Laplace equation in a unit square, with given 
boundary values. We then used the following five-point approximation to the Laplace operator: 


(1.1) Ser t Ly h[2(r— 1,8) + 2(r,s—1)—42(r,s) + 2(r,8 +1) +2(r+1,8)], 


where 2(r,s)=2(rh,sh) and h=1/(n+1), n a positive integer. Following Milne [4, p. 131] we 


indicate this approximation by the “‘stencil”’ 
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(This has been called a “computational molecule’ by Bickley [2]). The n?Xn? matrix which 


corresponds to the equations for the 2(r,s) can be indicated as 


Ly wr * = ae where 4 rere. ye 


is an nm ><n matrix and / is the nn unit matrix. Here, and elsewhere, for brevity, we have 
indicated only the general row in the triple diagonal matrices. For clarity we describe Z, and 
Nin words. The matrix Z, is an n?<n? matrix partitioned into nn blocks; of these the diag- 
onal blocks are all Y and the blocks adjacent to the diagonal are unit matrices. The matrix X 
is an nn matrix with diagonal elements all —4 and the elements adjacent to the diagonal 
all 1: In symbols X= (r,;) where z;; 4,i=1,2,... n, and for 14), 2,;=0 unless |i—j|=1, 
when z,,=1. 
The equations corresponding to the problem 


>, + 2,,=0 in interior, >=f on boundary 


ean be written as 
23=f 
The problems considered here were suggested by lectures of D. M. Young, Jr., in the National Bureau of Standards-National Science Founda- 
tion Training Program in Numerical Analysis held in 1957, 
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where the variables Str.8) are ¢ ombined as the n?-dimensional vectol 


- s(1."), 2.7 nl l.mw—l 2.n—] 
*(n,.n—1] a3 - nl 
ind where 
f—(f(O.n hl 1), #(2 nH | h(n | din aL 
f(On—1). 0. fin+lnm—l1):...: f(0.1)+f11.0). f(2.0 hind h(n aw 


The essential result established in [8] was that 
ris 4a “n° 


We shall now obtain the corresponding results for other discretizations of the Laplacian (Panow 


4 Bickley 2} 


2. Auxiliary results. We require the following results 
a8 The characte risti¢ value s of the ty i ple diagonal mati fe or orde) N 
( ¢, &. h, 
adie 
\ a—2 he) cos ke, i: PP #4 Ht 
where 


A—wrin | 
This is well known; it ts easily proved by solving the difference equation 
A(X) = (€— A) An (A) — BA, 2) 


for the characteristic polynomial A,(A) = C—A/. 
We shall use the notation @=7/(n—1) throughout this paper 








2.4 The characteristic roots of the quintuple diagonal matrix of order n: 
y 
7-5, 2, f 
2a 2a, B 
B, 2a, Ya re) 
B, 2a 2a, £p 
A 
8 2a, or 8 
.: we @ 2a 
B, 2a, B 
. J 
are 
Ay ; 28 rv] a a 28 cos h-@)- } 2s ai 
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This result has been given by Rutherford [6, 7]. It can be verified as follows: If in the 
matrix ( we put ¢—6 and square we obtain essentially the matrix A. In fact if we choose 


h— 1B. a—ay8, then 
A Cc" (Z ap 2B8)1 


33 Let F be a matrix of order 1, partitioned into an array of n? submatrices f,;, each of 


order n, such that each | is a rational function } (a) of a fired matria a» of orde rn. If the char- 
, a, then those of F are given by the characteristic values of the 


acteristic raliue Sofa aré @). Qo. 


n MmATIICES 


each ol ord , = 
This has been established by Williamson [12]; for extensions see Afriat [ I. 
>. We begin by discussing another five-point approximation which is represented by the 


steneil 


| ; 
Q)initting the factor —» we see that the corresponding ne n- Matrix is 


where 


isanow es matrix and J the nn unit matrix. The characteristic values of X are, from (2.1), 


te 
e 


2 Cos ka, } 


nN. 


It follows that those of Z, are those of the « triple diagonal matrices 


ps k) 2 cos ké, —4. —2 cos ké, . peal 2. . . 


which are, from (2.1 
t{/1 ~cos ké cos /6), kK=1,2,. . . st; gu] 2, . 2 2 gh 
We have 
\(Z») =4[1 + cos*é 


rv Z. 4 sin-é 


so that 





4. We next discuss the nine-point approximation represented by the stencil 


l 4 1 
4-20 4 
l 4 1 


Omitting the factor @’ we see that the corresponding nm X71 Matrix is 
) 


where 


X s« oy Sy oe ©, and y ss af Oe Oe 8s 


We note that (2.3) will apply since 
ppt 


The characteristic values of Y are 
—20—8 cos ké. k—=1.2 


9p 0 © oy Ue 


It follows that the characteristic values of Z, are those of the n matrices 


Z,* . « « 4—2 cos kd, —20—8 cos k0, 4—2 cos ke. 
which are 
Vey -20—8 cos k@—S8 cos /0-+4 cos £6 cos /@. k=1,2, n / -. 


Hence 
yA } Vv; l = 32 
u(Z,)=v 


n, n= 124*n-? 
which gives 





= 
f 4 0 | () () 
() ) 16 () () 
 Rebiestind 
— 1 16 60) 16 f 
12 
() () 16 () 0) 
() () | 0) () 
. 4 








This stencil must be modified for points near the boundary. Thus, at the corner (1,n), we use 








r¢e » 0 0 0) 
0 0 14 0 0 
1 
a4 0 14 8S 16 —1 ‘ 
8] 0] 16 Q) 0 
0 0 —] 0 0 
L J 
this means that we have estimated the outside value by linear interpolation on the two nearest 
values on the same line. For points (7,s) at the edge, i. e., r=1 or r=n or s=1, s=n which 


are not corners, e. g., 7=1, s=n—1, we have to use a stencil of the form: 





f 9 Oo 0 oO 0 

0 0 14 0 0 

= < 1 146-530 16 —1 
12 ™ 

0 oO 16 0 0 

0 oO 1 Oo 0 





.. 
Omitting the factor ix we see that the corresponding n? <n? matrix is 


Z+TI, 167, —I 7 
16/J, Z, 167, —T 
-I, 167, Z, 167, —T 


—J, 167, Z, 167, —J 
—I, 167, Z, 16] 
—TI, 16/, z+) 








. 


where Z is the nn matrix: 


. 59, 16, —1 


16, —60, 16, —1 


—1l, 16, —60, 16, —1 


—1, 16, —60, 16, —1 


—1, 16, —60, 16 








—1, 16, —59) 








From (2.2) the characteristic values of Z are 
X, H0+2 64—(S+2 cos ké) eux) 2. Jt 
and by (2.3) the characteristic roots of Z, are those of the » matrices 


fr.+1, 16, 7 








| 16. Az. 16 
§ 116.4412 
Which are, again using (2.2 
i, -+-2 64 8 +2 cos /A)*}. k=1.2, = ° p=2' 2S 
h,+r,+60 
It follows that 
N(Z; 12S 
ulZ, 1 I 4-7 
sa) that 
an 
P Z, = T 4i 
6. An evaluation of the various methods could now be made. In addition to the im 


version error, which is given in terms of the ?-condition number by von Neumann and Gold- 
stine, the truncation error must be considered. The local truncation errors for the various 
stencils have been given by Bickley [2]; however, it seems that the global truncation errors 
have been studied only in the case of the approximation (1.1) by S. A. Gersehgorin, P. C. Rosen 
bloom, J. L. Walsh, W. Wasow, and others. We shall not, however, carry out an evaluation 
for it seems clear that the elimination method is not the most suitable one for problems involv 
ing sparse matrices; numerical experience, nevertheless, does show that the 7’-condition number 
of a matrix is a good indication of the intrinsic difficulty of the inversion problem 

i Remarks 

(1) Dr. Young pointed out that our results could be obtained by solving the difference 
equations by separating the variables (cf., e. g., B. Friedman [3]) 

(2) As in [8] the estimates of the N-condition of Turing [10] can be obtained, since we 
know all the eigenvalues of the matrices in question. 

(3) Similar results can be obtained for the biharmonic equation (cf. [9] 

(4) | take this opportunity to correct slips in two papers in this series 

In p. 117 of [8] the expression for y,, for 7<k< 
n+-1) (k—j). This was pointed out by D. E. Rutherford [7] 

In p. 471 of [Sa], line 3, the adjective “symmetric” (or “normal’’) should be inserted to 


n should read (n+1)¥ k(n —j7—-1 


qualify “matrix”. This was pointed out in conversation by Martin Pear! 
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Infrared Study of Some Structural Changes in Natural 
Rubber During Vulcanization* 


Frederic J. Linnig and James E. Stewart ' 


A knowledge of the structure of vulcanized rubber is essential to the interpretation of 
vuleanization and oxidation studies and the physical properties of the material. 

In the present work an infrared study has been made of structures resulting from a 
number of different methods of vulcanization. Sulfur vuleanizates show the presence of 
a shifted double bond, originally observed by Sheppard and Sutherland. The presence of 
conjugated double bonds also indicated. Accelerators such as tetramethyithiuram 
disulfide and zine dibutyl dithiocarbamate increase the rate of the double-bond shift and 
reduce the amount of conjugated double bonds. Neither the double-bond shift nor con- 
jugation is observed as a result of vuleanization with tetramethylthiuram disulfide alone, 
hydrogen sulfide and sulfur dioxide (Peachey process), a peroxide, or gamma rays. These 
result in a possible decrease in carbonyl structures, and in the case of the last three, possible 
increased absorption due to OH and ionized carboxyl groups. 

Apparently, the double-bond shift and conjugation are primarily phenomena related 
to the use of elemental sulfur. The other vuleanization systems studied evidently involve 
different mechanisms. An implication of the present work is that there may be a relation- 
ship between the reported ease of oxidation of sulfur vuleanizates, accelerated vulcanizates, 
and sulfurless vuleanizates (tetramethylthiuram disulfide alone), which decreases in the 
order named, and the probable amount of conjugation in the compound, which decreases in 


is 


_ other 


the same order 
1. Introduction 


In order to elucidate structural changes occurring 
during vulcanization, Sheppard and Sutherland [35, 
36]° studied the infrared spectra, between 2 and 
IS w, of accelerated and unaccelerated sulfur vul- 
canizates. In the 6.0 uw region they found little 
evidence of changes in absorption due to double 
bonds. A band at 10.4 w was attributed to trans 
hydrogens adjacent to a carbon-to-carbon double 
bond resulting from a shift of the double bond 
normally present in unvuleanized rubber. This 
band had been discovered earlier by Sears [31]. 
Salomon and Van der Schee [28] have confirmed, 
essentially, the findings of Sheppard and Sutherland 
(35, 36]. The results of infrared studies of vuleani- 
zation through 1949 are summarized by Mann [25]. 

The earlier siudies had been made using single- 
beam instruments. The double-beam instruments 
now available are, of course, capable of greater 
definition in the critical double-bond region near 
6.0 wand in other regions where there occurs intense 
For 
of the studies of these workers were repeated using 
a double-beam instrument. the work on 
accelerated and unaccelerated sulfur vulcanizates 
proved fruitful, additional studies were made of 
vulcanization including in- 


atirospheric absorption, these reasons, some 


Since 


those 


svsterrs 


volving tetramethylthiuram disulfide (TMTD) alone, 


a peroxide, gamma rays, and sulfur dioxide and 
hydrogen sulfide (Peachey process). 


“This work was presented at the 70th meeting of the Division of Rubber 

Chemistry of the American Chemical Society, Atlantic City, N. J., September 

1956, A portion of this work was performed as part of a research project spon- 

sored by the National Science Foundation in connection with the Government 
Synthetic Rubber Program 
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Some spectra were also obtained in the region 
between 15 and 40 uw using a cesium bromide prism 
to determine the existence of bands in this region, 
which might be due to C—S and S—S linkages. 

In order to support the work on sulfur vuleaniza- 
tion a study was made of the squalene-sulfur system, 
and chemical evidence was obtained for one of the 
infrared interpretations. 


2. Experimental Procedure 


Most of the infrared spectra were obtained with a 
Perkin-Elmer model 21 double-beam_ spectropho- 
tometer equipped with a sodium chloride prism for 
the range between 2 and 15yu, and a cesium bromide 
prism for the range between 15 and 40u. An at- 
tachment ordinarily used to hold small KBr disks 
was employed in most of this work. .With this 
attachment, the specium is inserted through the 
opening in the instrument cover to a position of 
minimum beam size, thus making possible the use 
of specimens as small as 3/8 in. in diameter, which 
in some cases were all that could be obtained. 

Additional measurements at higher resolution 
were made on certain bands using a Beckman IR-4 
spectrophotoreter equipped with two sodium chlo- 
ride prisms. Some of the complete spectra were 
also obtained with this instrument. 

Specimens of unvuleanized rubber were prepared 
by evaporating to dryness natural rubber latex which 
had been diluted with water sufficiently to give a film 
of satisfactory thickness. In addition, specimens of un- 
vulcanized smoked sheet, crepe rubber, or purified rub- 
ber were prepared by hot-pressing the materia] between 
sheets of aluminum foil with the aid of a Carver press. 
It was found that a pressure of about 1,000 to 4,000 
lb/in.2 was sufficient to produce a specimen of suitable 
thickness, i. e., somewhere between 0.05 and 0.12 








mm. The samples vulcanized by the Peachey 
process or by treatment with gamma rays were first 
pressed between sheets of aluminum foil for a short 
time at elevated temperature to obtain a thin sheet, 
and then subjected to the vulcanization treatment. 
All the other samples were vulcanized under pressure 
in a Carver press. 

Compounding was done on a laboratory rubber 
mill equipped with rolls 3 in. by 8 in 


3. Results 


The results of this study are presented in typical 
spectra given in figures 1 to 9, which are discussed 
in detail along with related spectra, in the sections 
that follow. The arrows in the figures indicate the 
pertinent bands in this study. The results are 
summarized in table 1. This table indicates changes 
in bands and in band intensities as a result. of the 
various vulcanization processes, and is included for 
convenient reference in reading the discussions 

In this table and in the following discussions, it Is 
to be emphasized that conclusions involving changes 
in band intensities are to be viewed with caution. 
In general, the intensities of absorptions in films, 
in addition to thickness, are influenced by factors 
such as seatter, inhomogeneity, surface reflection, 
and the effect of neighboring bands. These factors 
are important in rubber and especially so when the 
added solids used in vulcanization are present 

Consequently, in a number of cases it was not 
possible to come to a definite decision regarding 
changes in band intensities. However, in cases where 
a change in intensity appeared to occur, the change 
has been noted as a possible or apparent change, 
with the intention of indicating to the reader that 
the intensity change is at least a possible result of 
the treatment discussed 


TRANSMIT TANCE , % 





3 a « é ? - 


WAVE NUMBER, cr 


if 7 \ | \~ od 


3.1. Unvulcanized Natural Rubber 
Figure | shows the spectrum between 2 
of a film of natural rubber obtained by the evaporg. 
tion of water from latex. This spectrum is essentially 
the same as that obtained by previous investigators 
Sheppard and Sutherland [35] suggest that the band 
at 3.05 uw may be due to the C-—-H stretching vibra. 
tion of the “lone” hydrogen on the ethylene bond 
in rubber. 
to NH groups in proteins perhaps, or to OH groups, 
its position indicates that these groups are strongly 
hydrogen bonded. No interpretation of the weak 
absorption near 4.9 uw 1s possible beyond the fae 
that it occurs in the region where acetylenes, nitriles 
isocyanates, allenes, and amino acids absorb; it js 
yrobably the same band that Sheppard and Suther. 
land [35] found at 4.98 uw. The bands near 5.75 and 
5.85 uw may indicate two tvpes of carbonyls; they 
may be due to carbonyls already present in the 
hvdrocarbon chain, or formed by oxidation of the 
chain, or else to carbonyls in the resinous portion 
They are probably the small bands near 5.8 uw mep- 
tioned by Dinsmore and Smith [12], and Saunders 
and Smith [30] 

It is interesting to note that purification of natural 
rubber by the method of MePherson [26] does not 
change markedly the intensity of any of these bands 
The purified rubber used here contained 98.7-percent 
rubber hydrocarbon, 0.44-percent protein, and 0.18- 


percent ash. The sample also contained 1-percent 


phenyl-beta-naphthylamine added as an antioxidant, / 


an amount that proved insufficient to affect the 
spectrum. This purified rubber had also been used 
by Roberts and Mandelkern |27] and was obtained 
from them. The fact that purification does not 
greatly reduce the intensity of these bands indicates 
that they are not related to the resin or protein 
content of the rubber, which is greatly reduced on 
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Figure 2. Far infrared spectrum of film of dried natural rubber latex. = 
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bons 
purification, unless appreciable quantities of resin- | sheet and purified rubber, Saunders and Smith [39 f 
or proteinlike units are in some way part of the | seem to consider not only the band at 6.1, but alg P® 
polymer chain. Dinsmore and Smith [12B],andSaun- | the bands at 3.05, 5.75, 5.85, and 6.5 uw to be dy and 
ders and Smith [30], however, did not find the 3.05 yu largely to impurities. long 
band in deproteinizedrubber. It should be pointed out Figure 2 shows the spectrum of dried natural rub- - 
that it is possible to explain all four of these bands | ber latex in the region between 15 and 40 yu. The ae 
as either combinations or overtones of frequencies | spectrum of purified rubber is essentially the same 119 
observed for absorptions in figures 1 and 2. These | There are two broad absorptions with peaks nea ao 
bands are of interest here since their intensities may | 17.5 and 19.8 u, respectively, in reasonable agreement bon 
be affected by certain vulcanization processes. with the findings of other workers [22, 30]. It is the 
There is an inflection point at 6.1 «in the spectrum | probably the former to which Sheppard and Suther: 
of dried latex given in figure 1. This absorption is | land [35] refer as extending from 16.6 to 17.7 w | — 
all but absent in the spectrum of purified rubber, | addition, there are two very broad swellings betweet neY 
the only evidence of its presence being the unsym- | 21 and 30 u which have not been reported previously ~ 
metrical nature of the band at 6.0 uw which is broader | The smaller bands bevond 30 u» are due to uncom = 
on the longer wavelength side. On the other hand, pensated atmospheric water-vapor absorption, om 


this absorption appears as a strong shoulder in 
spectra of coagulated rubber, i. e., Tensocrepe, pale 
crepe No. 1 thin, pale crepe No. 1 thick, smoked 
sheet and Tensosheet. Dinsmore and Smith [12] 
first attributed this shoulder to absorption by a 
terminal double bond. In a later article Saunders 
and Smith [30] concluded that the band at 6.1 u 
was largely due to an impurity. The present work 
indicates that this impurity is probably introduced 
during coagulation. Apparently the strong shoulder 
at least is not, as suggested by Sheppard [34], an 
overtone of the 11.95 uw band. It may be, however, 
that the residual absorption in purified rubber is 
due to terminal double bonds or to an overtone of 
the 11.95 uw band. The slight difference between 
dried latex and purified rubber, if real, may be due 
to an impurity in dried latex. 

The coagulated samples also showed what 
probably a somewhat stronger absorption at 3.05 
and a band at 6.5 uw. Again, these effects are ap- 
parently due to impurities introduced during coagula- 
tion and not removed by the washing process. 

As a result of a comparison of spectra of smoked 
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3.2. Vulcanizaticn With Sulfur Alone 


In this work, some samples of natural rubber (pal 
crepe No. 1 thick) containing from 2- to 25-percent 
sulfur and no zine oxide were vuleanized approx- 
mately to completion (about 20 hr) at 150° C whi 
others containing 15-percent sulfur and no zine oxid 


were vuleanized for periods of time ranging from 1i * 7 
min to 4 days at 125° C and from 1 hr to 20 hrat ¢ 
150° C tt 
Figure 3 gives the spectrum between 2 and 15 4@ < 
natural rubber vuleanized with 15-percent sulfur for 2 , 
96 hrat 125°C In addition to the changes indicated é 
in table 1, some other unexplained changes near 9.0¢ © * 
have taken place during vuleanization. These " , 
changes become noticeable with about 5- to » 


percent sulfur; they also occur in accelerated vul 
canizates, but not in the other types of vulcanizate 
discussed here. 

The band at 10.4 uw not present in unvuleanized, 
rubber has been interpreted by Sheppard ant — 
Sutherland [36] to be due to the out-of-plane de, Pict 
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where R: is a free radical. These workers pointed out 
that this is consistent with the idea of a-methylenic 
initiation of the sulfuration reaction as advanced by 
; Farmer and Shipley [16]. Sheppard and Sutherland 
found the intensity of this band to be correlated with 
the amount of combined sulfur. In this case the 
attack took place on the a-methy lene group marked 
with an asterisk. This change in the spectrum would, 
of course, not occur if the attack had taken place on 
the a-methvlene group on the other side of the double 
In the present work, this band was observed 
») 


bond. Rings: 
in fully vuleanized compounds containing only 
percent sulfur, the smallest quantity studied here, 
and it increased in intensity and shifted to slightly 
longer wavelengths (ca. 10.35 to 10.44 w) as the sulfur 
content was increased from 2 percent to 25 percent. 
It will be referred to, however, as the band at 10.4 u. 
As would be expected, the intensity of the band at 
11.95 uw related to the hydrogen on the original double 
bond decreased with an increase in the intensity of 
the band at 10.4 uw. 

The weak absorptions at 14.3 and 14.8 u could be 
due to the hydrogens on the corresponding cis con- 


figuration. It is reasonable to expect both isomers 
to be formed during the double-bond shift. These 
bands could also be caused, however, by C—S link- | 


7 
ages, or by skeletal vibrations not characteristic of | 
any particular functional group. These bands appear 
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Infrared spectrum of natural rubbe r (pale cre pe No. 1 thick) 


as separate absorptions in fully vulcanized com- 
pounds containing more than 12-percent sulfur. 
With sulfur concentrations from 2 to 12 percent, 
only a broad general absorption appears that is 
centered near 14.5 wu. The newly discovered sharp 
band at 6.25 « occurs in the region where conjugated 
double bonds absorb, and is treated separately in a 
later section. It occurs in all rubber-sulfur vulean- 
izates containing 5 percent or more of sulfur, and its 
intensity increases with increasing sulfur content. 

The weak broad band near 6.5 u is presumably 
the same band reported by Sheppard and Suther- 
land [85] as occurring at 6.52 » in unvuleanized 
rubber mixes to which stearic acid and zine oxide 
had been added. They attributed this band to the 
stearate ion and reported that it disappeared on 
vulcanization. However, Ellis and Pyszora [13] 
have shown that the intensity of the band increases 
again to approximately its original value when the 
specimen is allowed to remain at room temperature 
for 18 hr. They attribute the observed effects to 
an interaction between natural rubber and zine 
sterate that not related to the vulcanization 
process. The compound used to obtain figure 3 did 
not contain added zine oxide or stearie acid, but 
the original rubber sample showed an absorption 
at 6.5 w which, as suggested earlier, may result from 
impurities introduced during coagulation. The 
intensity of this band sometimes appeared to be 
reduced on vulcanization in this work. 

The presence of zine oxide in sulfur vuleanizates 
of Tensocrepe or pale crepe No. 1 thin, leads to no 
apparent change in the rate of the double-bond shift 
and the band at 6.25 » appears about as soon as it 
does without zine oxide. There usually seems to be 
some reduction in the intensity of either or both the 
carbonyl bands near 5.75 and 5.85 u. 

There is a change in the relative intensities of the 
bands at 6.0 and 6.1 » as a result of vulcanization, 
The increase of the 6.1-u band relative to the band 
at 6.0 uw is noticeable in compounds containing 
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vulcanized with 15-percent sulfur for 96 hr at 125° C, 
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12-percent sulfur, and increases with increased sulfur | rubber used here contained small bands near ¢, 


content until with 25-percent sulfur it becomes the 
more prominent band, while the band at 6.0 u appears 
only as a shoulder. 

Under higher resolution, the band at 6.1 w in 
vulcanized rubber may be resolved into two com- 
ponents at 6.10 and 6.13 u» with the main ‘‘6-u’’ band 
appearing at 6.02 yw. The shoulder at 6.1 yw in 
unvuleanized rubber could also be due to two compo- 
nents, but this fact is not quite as apparent as in the 
case of vulcanized rubber. 

At present it cannot be said with certainty whether 
there is an actual increase in the intensity of the 
6.1-u band on vulcanization or whether the observed 
relative change is due entirely to a decrease in the 
6.0-u band. 

Because of the uncertainty of the nature of the 
band at 6.1 yw, and because the absorptivity of 
double-bond stretching vibrations is quite variable, 
no quantitative statement can be made about 
changes in unsaturation during vulcanization except 
that in accordance with the results of previous 
workers [28, 35, 36] even with 25-percent sulfur con- 
siderable unsaturation of various types including 
those absorbing at 6.1 w remains. To this residual 
unsaturation should now be added that due to the 
conjugated double bonds absorbing at 6.25 xu. 

The same structural changes take place when 
natural rubber is vulcanized at 150° C but at an 
accelerated rate. There is often some increase in 
carbonyl structure, which also results from heating 
rubber alone at this temperature. 

It is interesting to note that in a spectrum of a 
vulcanizate of Coral rubber, a synthetic polvisoprene 
[37], the intensities of the band at 6.25 u indicating 
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6.2, 6.3, and 6.65 u. 


Figure 4 shows the spectrum between 15 and 49 / 
hk 


of natural rubber (pale crepe No. 1 thick) Vulcanized 
with 13-percent sulfur for 20 hr at 150°C. It wij 
be noted that: (1) There is some reduction in the 
intensity of the band at 17.5 yw, (2) the broad bang 
at 19.8 wis reduced, (3) the two consecutive swelling 
in the region between 21 and 30 uw have disappeared 


and (4) these swellings have been replaced by weg’ 
bands at 21.2, 22.7, 24.4, and 26.6 u. No interpre. 


obtained 


bevond the observation that S 
this region. 


tation of these bands is possible at the present tin, 


S linkages absorb }; 


The band at 17.0 uw, mentioned by Sheppard an¢ 


Sutherland [35] appears possibly as a slight intengj. 
fication of a shoulder on the original band at 17.5 y! 


Gehman [19], and Gehman and Osterhoff [20] hay 


Raman spectra of portions of acetone 


extracted rubber soluble in petroleum ether or ethy 
attempts to obtain 


ether. 


Apparently, reported 


Raman spectra of whole rubber have been unsve. 
cessful because of difficulties due to Rayleigh scatter. 
ing by rubber and by particles in the rubber as well 
as fluorescence of the nonrubber constituents of the 
whole sample. Attempts at the Bureau to obtaiy 
Raman spectra of whole rubber both unvuleanized 
and vuleanized have also been unsuccessful for the 


same reason. 


Raman spectra of vulcanized rubber 


if obtained, would shed light on the existence of 


C 


Sands 


S linkages, which are generally known 


to produce stronger effects in the Raman spectrum 
than in the infrared, and should aid in establishing! 
the identity of some of the infrared bands observed 

? 


conjugation and the band near 6.1 « were consider- | 


ably greater relative to the band at 6.0 u than in the 
case Of vulcanized natural rubber with the same 
amount of added sulfur (15°). The band at 6.0 u 
was reduced to a slight shoulder on the band at 
6.1 uw. The spectrum of the unvulcanized Coral 


Aso 
VVAAV 


TRANSMIT TANCE, % 





4 ¢ 8 4 


Ficure 4. Far infrared spectrum of natural rubber pale cre pe 


WAVELENGTH, iz 


No 


14 


in this work. 


3.3. Reaction Between Squalene and Sulfur 


Squalene (a hexaisoprene), having a lower molecu 
lar weight and being a liquid, is more useful for cer-, 
tain experiments than rubber. 
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by Bloomfield (5) that squalene, because of its 
molecular complexity, is more similar to long chain 
polyisoprenes than smaller compounds that have 
heen used as rubber substitutes. It should be well 
adapted for the study of the structural changes of the 
double-bond shift and conjugation discussed here. 
If we consider two adjacent isoprene units in the 
squalene molecule 


it will be seen that a conjugated system could appear 
as a result of either a shift of two double bonds 
toward each other or two successive shifts of one 
double bond. It could also result from the intro- 
duction of a new double bond between two original 
double bonds. Similar possibilities for conjugation 
of this type, of course, exist in natural rubber. The 
spectrum of Eastman practical grade (90%) squalene 
given in the upper part of figure 5 is essentially the 
same as that obtained by other workers [9,10,1 l 38]. 
[t is similar in many respects to that of rubber as 
shown in figure 1, including the band at 6.0 4 and the 
strong absorption at 12.0 y, probably due to the 
hvdrogen on the carbon adjacent to the double bond. 
Furthermore, it has no absorption at 10.4 y char- 
acteristic of trans hydrogens adjacent to a double 
bond, and there is no band at 6.25 uw indicating 
conjugation. 

This material was reacted for 22 1/2 hr at 150° C 
with sulfur in a sealed tube under nitrogen. The 
squalene-sulfur reaction product was very dark and 
more viscous than the original squalene. The 
spectrum of the reaction product is given in the lower 
part of figure 5. This spectrum contains the bands 
at 10.4 and 6.25 uw. The new band near 6.1 y 1s 





accompanied in this case by an increase in the absorp- 
tion at 11.25 uw. Both effects have been [12A, 29] 
related to the formation of terminal double bonds. 
This situation is different from that observed with 
rubber vuleanizates for which an increased absorp- 
tion at 11.25 w was not observed (figs. 1 and 3). The 
migration of double bonds in squalene as a result of 
different treatments has been discussed by other 
authors [9,11]. In their study of double bond migra- 
tions in squalene during hydrogenation and dehy- 
drogenation, Dale and Artun [9] found evidence of 
conjugation in the ultraviolet spectrum but no band 
at 6.25 uw in the infrared spectrum. There are also 
two bands near 14.5 and 14.9 yw which are reasonably 
close to the bands at 14.3 and 14.8 yw which in sulfur 
vulcanizates were attributed to the C—S linkage, to 
hydrogens cis to a double bond, or to skeletal 
vibrations. 


3.4. Chemical Evidence of Conjugated Double 
Bonds 


Farmer and Shipley [16] have discussed the 
possibility of conjugated systems in vulcanization. 
Other authors [2, 4, 6, 15] have mentioned apparently 
conjugated reaction products formed in the study 
of vulcanization using small molecules. 

The band observed in these studies at. 6.25 uy, 
if not due to conjugation, could be the result of 
combinations or overtones of absorptions occuring 
at other frequencies. None of the bands or com- 
binations of bands observed to increase on vul- 
canization could account for the 6.25-4 band in 
this manner. However, in view of the apparent 
importance of this band, which is discussed later, 
it was deemed desirable to attempt to verify the 
presence of conjugated systems by chemical means 
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Infrared spectra of squalene and squalene-sulfur reaction product. 
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This was accomplished by demonstrating that a 
reaction takes a between the squalene-sulfur 
reaction product and maleic anhydride and _ that, 
as a result of this reaction, the band at 6.25 yu ts 
removed. 

Compounds containing conjugated double bonds 
normally react with maleic anhydride to form 
adducts in which the conjugation is removed not 
only from the compound in question but also from 
the anhydride. Examples of this Diels-Adler type 
of reaction are described by Kloetzel [24]. 

A portion of the squalene-sulfur reaction product 
(0.17 g) was mixed with 0.04 g of maleic anhydride, 
Fisher reagent. The mixture was agitated and 
heated for about 15 min to produce good mixing and 
a spectrum was obtained using a heated cell to 
keep the mixture molten. This spectrum is given 
in the upper half of figure 6. Absorptions near 
5.05, 5.2, 5.4, 5.6, 7.8, 7.9, 8.1, 9.5, 11.25, 11.55, 
11.9,and 14.35 are at least in part due to the presence 
of maleic anhvdride. It will also be noted that 
the bands near 6.0 and 6.1 due to the squalene- 
sulfur reaction product are quite apparent. The 
broadening of the band at 6.25 uw is probably due 
to the absorption of the maleic anhydride that 
occurs at 6.27 uw. Though there is no evidence of 
complete removal of conjugation, the extension of 
the band at 10.4 uw to 10.55 uw indicates that some 
reaction has already taken place. 

This mixture was then reacted for 70 hr at 100° C 
in a sealed tube under nitrogen. The tube was 
cooled, broken open, and the reaction mixture 
heated until completely melted. After mixing with 
a spatula, a spectrum was obtained in a heated cell 
to maintain the liquid state of the sample. 


The spectrum of the final reaction mixture is given 
in the lower part of figure 6. Increased absorption 
near 5.8 w and just beyond 8.0 and 9.0 uw as well as 
the greatly increased absorption from about 105 
to beyond 11.0 uw indicate that reaction has taken 
place. The continued absorption at 6.0 and 6. “ 
indicates that at least a portion of this part of the 
squalene-sulfur reaction product is still intact. [fy 
will be noticed that the band at 6.25 uw has been 


removed completely, leaving, in fact, a slightly 
increased transmittance. The fact that a reaction 


has taken place and the band at 6.25 uw has been 


removed is evidence of the presence of conjugated 
double bonds in the original reaction product. It 
is interesting to note that there is still absorption 
at 10.4 uw probably due in part, at least, to shifted 
double bonds which are not conjugated. This, of 
course, assumes that the double bond in the final 
reaction product is c/s as in the case of the reaction 
product obtained with butadiene and maleic anhy- 
dride [17, 24]. ’ 
A sample of unreacted squalene mixed with 
maleic anhydride and run as a control showed no 
change after heating, except for the production of a 
band at 10.9 w and shoulders at 5.35 and 5.85 y 
indicating that the other changes observed with the 
squalene-sulfur reaction product are probably due 
to the Diels-Adler type of reaction. The quantity 
of maleic anhydride used in the above experiment 
was sufficient to react completely with one con- 
jugated system per squalene molecule. Doubling 
this quantity of anhydride led to the same spectral 
picture, but increasing it fivefold obscured all the 
bands of the squalene-sulfur reaction product. 
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Preliminary work had shown that the reaction 
between maleic anhydride and the squalene-sulfur 
reaction product does not take place in 8 days at 
room temperature. Backer and Blaas [1] have 
ysed temperatures between 150° and 165° C in 
reactions involving thioether compounds containing 
conjugated double bonds, molecular types which 
might be present in the squalene-sulfur reaction 
product. These higher temperatures were avoided 
here in an attempt to eliminate the non-Diels-Adler 
type reactions involving maleic anhydride and 
various hydrocarbons |17]. 

It is interesting to note that, since maleic anhy- 
dride does not react with the benzene nucleus, the 
conjugated systems in the squalene-sulfur reaction 
product are not phenyl rings. This conclusion is 
eonsistent with the spectrum in the lower half of 
figure 5 which shows no change in the 11- to 15-u 
region Where various aromatic compounds absorb. 
Similarly, this lack of new bands in the 11- to 15- 
range in the spectrum of vulcanized rubber indicates 
that the conjugation in vulcanized rubber is prob- 
ably not caused by phenyl rings which might result 
from reversion during the vulcanization process. 

Using purified squalene available only in small 
quantities, spectra were obtained on squalene and 
the squalene-sulfur reaction product in order to 
determine the effect of the impurities present in the 
practical grade. Except for the absence of carbonyl 
groups in the purified material, the spectra of the 
unreacted and reacted samples were qualitatively 
similar. Reaction of maleic anhydride with squal- 
ene-sulfur reaction product obtained from purified 
squalene also resulted in removal of the band at 
6.25 uw. There was, however, a sharper band at 
5.8 uw, and differences in the absorption pattern be- 
tween 9 and 11 uw. These differences are not unex- 
pected in view of the purified nature of the sample. 

Following the work with squalene, attempts were 
made to remove the band at 6.25 M in rubber-sulfur 
vuleanizates by adding various dienophiles to the 
compound before vulcanization. Of the reagents 
tried, maleic anhydride, diethyl fumarate, di(2- 
ethvlhexvl) maleate and dicetyl maleate, only di- 
ethyl fumarate produced an apparent decrease in 
the intensity of the band at 6.25 yw. The larger 
quantity (13.5°7,) produced a greater apparent effect 
than the smaller quantity (5°7%), but did not com- 
pletely remove the band. 


> j 


TABLE 2 Accelerated compounds 


Amount in compound 
Constituent 


4 B Cc D I I 

Pale crepe No, 1 thin RS 77 77 77 
rensocre pe 7.5 | 77.8 
Sulfur l 15 15 15 1S 15 
Tetramethylthiuram disulfide 

TMTD 1.§ 7.5 7.5 
Zine dibutyl dithiocarbamate 

(BZ 7.5 7.5 
Mercaptobenzothiazole (MBI 7.5 
Zine oxide 0 0.5 0.5 0.5 


| 3.5. Vulcanization With Sulfur and Accelerators 


In order to determine the effect of accelerators on 
some of the structures found in unaccelerated 
samples, spectra were obtained on the vulcanizates 
of pale crepe rubber given in table 2. The quantities 
of sulfur and accelerator used in these studies were 
much larger than those used in conventional com- 
pounds in order to produce pronounced effects in 
the infrared spectra. Compounds A through E 
were vulcanized at 125° C for periods of time up to 
48 hr. Compound F was vulcanized for from 7% 
min to 8 hr at 150° C, 

In samples accelerated with TMTD and BZ 
(compounds A through E) the rate of the double- 
bond shift was greater than in the unaccelerated 
samples. For example, about as much double-bond 
shift occurred in 2 hr in samples accelerated with 
BZ as occurred in 16 hr with samples accelerated 
with the larger quantity of TMTD. This same 
amount of double-bond shift occurs in about 48 to 
70 hr in unaccelerated samples. The effect of the 
smaller quantity of TMTD on the double-bond shift 
may not have been as great as that of the larger 
quantity. 

In comparison with unaccelerated compounds, 
however, conjugation, as determined by the presence 
of a band at 6.25 uw, was either virtually eliminated 
or its first appearance was delayed relative to a given 
amount of double-bond shift. Moreover, once 
slight conjugation had appeared, further vulcaniza- 
tion of these accelerated compounds did not cause as 
great an increase in the amount of conjugation as 
was observed in unaccelerated compounds. 

In all cases the relative change in the intensities 
of the bands at 6.0 and 6.1 « was observed as was in 
all but the shorter cures, a band or bands between 
14 and 15 uw. The band at 6.5 » was present in 
samples containing the smaller quantity of TMTD 
only; in the other samples it was probably partly 
obscured by bands from TMTD and BZ. 

In samples accelerated with mercaptobenzothiazole 
(MBT) the rate of the double-bond shift was again 
more rapid than without the accelerator but nothing 
could be determined regarding the presence of con- 
jugation since the benzene nucleus in the accelerator 
also has an absorption at 6.25 u. 

In some of the samples accelerated with TMTD 
and BZ, there may be an intensification of the band 
at 3.05 u. There may also be an increase in the in- 
tensity of the small band at 4.9 uw in a few of the 
samples accelerated with TMTD. Accelerators also 
seem to reduce either or both of the carbonyl bands 
near 5.75 and 5.85 u. 


3.6. Vulcanization With TMTD 


Compounds of pale crepe No. 1 thin containing 
15-percent TMTD and 0.5-percent ZnO alone were 
vuleanized at 125° and 150° C for periods of time 
varying from 7 min to 40 hr at the lower and 8 hr 
at the higher temperature. A spectrum of a sample 








vuleanized for 2 hr at 125° C is typical and is given 


in figure 7. Unlike spectra of compounds in which 
TMTD serves as an accelerator in sulfur vulcaniza- 
tion, this spectrum shows no evidence of either con- 


jugation or the double-bond shift indicated by bands | 


at 6.25 and 10.4 uw, respectively. There is, however, 
an absorption near 10.3 4. There also seems to be 
no appreciable change in the absorptions at 12.0 and 
near 6 uw as a result of different periods of vulcaniza- 
tion, indicating that the double bond in the polymer 
is not noticeavly affected. 

After curing there is sometimes an apparent in 
crease in the intensity of the weak band observed at 
4.9 w. As curing proceeds, there is a decrease in 
absorptions at 6.65, 8.1, 8.7, 9.6, and 10.3 yu, wave- 
lengths at which TMTD itself absorbs. This in- 
dieates destruction of the TMTD during the curing 
process. The band at 5.85 attributed to carbonyl 
absorption in rubber seems to be reduced. The 
band at 14.5 wu appears in samples vulcanized over 
4hr. Again, the band at 6.5 u may be obscured by 
a band in TMTD. 

In some samples vulcanized for the longer periods 
of time, there is increased absorption near 10.4 yu 
which disappears after the sample has been allowed 
to stand in air at room temperature. 


3.7. Vulcanization by the Peachey Process 


In preparing samples for this type of vuleaniza- 
tion, one piece of aluminum was stripped off the 
pressed sample leaving the rubber film on the other 
piece of aluminum. The rubber film (pale crepe) 
on the aluminum was cut into small strips and these 
strips were attached to a wire rack in a tube and 
vulcanized by the Peachey process for from 1 to 24 
evyeles as described in the paper by Bekkedahl, 
Quinn, and Zimmerman [3]. A single cycle con- 
sisted of passing sulfur dioxide over the sample for 
5 min, followed by a brisk 10-sec sweep of air to 
remove the sulfur dioxide gas not absorbed by the 
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samples, and then passing hydrogen sulfide over the 
sample for 5 min, followed by another brisk 10-se¢ 
sweep of air. 

Spectra were obtained on a number of these 
samples, of which the one given in figure 8 for the 
sample receiving an 8-cycle treatment is typical 
It will be noted that there is no evidence of the 
double-bond shift, of conjugation or of bands between 
l14and 15u. There is also little evidence of changes 
in absorption at 12.0 and near 6 uy. 

The absorption at 3.05 « appears stronger. The 
carbonyl absorption at 5.75 uw appears to be reduced 
and the strong absorption at 6.5 due to ionized 
carboxyl or to nitro groups may be intensified. If 
the 6.5-~ band is actually due to ionized carboxyl 
groups, it would appear that the band at 5.75 y js 
related to the carboxylic acids in the rubber. Sinee 
the band at 5.75 uw is not greatly affected by purifica- 
tion, some of these acids may be attached to the 
polymer chain. In addition, there are some slight 
changes in absorption near 9.8 wu. 

The intensities of these various bands do not seem 
to change much from 2 to 24 eveles For the more 
highly vulcanized samples there seemed to be a 
tendeney for the other carbonyl absorption at 5.84 
to be reduced At 24 cveles there was some slight 
evidence of a band at 10.4 uw. However, the more 
highly vulcanized samples had thickened during the 
process and comparison of their spectra with others 
was rather difficult. It should be noted that only two 
cveles are required for an optimum cure and that a 
sample treated with 24 cycles might be expected to 
contain nearly 9.0 percent combined sulfur, while one , 
treated with only 8 cycles might contain somewhat 
over 7 percent combined sulfur [3] 

Salomon and Van der Schee [28] observed no 
changes in the infrared spectrum of rubber vulcanized 
by the Peachey process 

It is interesting to note that, while an active sulfur 
radical has been assumed to produce the double- | 
bond shift in sulfur vulcanization [18], no double- / 
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Figure 7 Infrared spectrum of natural rubber 


pale crepe No. 1 thin vulcanized with 15-percent tetramethylthiuram disulfide 


TMTD) and 0.5-percent zinc oxide for 2 hr at 125° ¢ 


18 


oe 


TRANAICAAIT TAAICE 


Fy 


Pr the 
10-see 


these 
or the 
‘Ppical, 
of the 
tween 
anges 


The 
luced. 
nized 
d. If 
‘boxy! 
Do wis 
Since 
rifica- 
oO the 
slight 


seem 
more 
be a 
5.84 m 
slight 
more 
ig the 
others 
lv two 
that a 
ted to 
le one 
ewhat 


ed ho 
inized 


sulfur 
ouble- 


ouble- | 


lisulfide 


WAVE NUMBER, cm! 


5000 400 300 , Or 500 1400 1300 1200 00 00 950 900 850 800 750 700 
nO if r 7 + 7 
' co | 
ae 4 
80 + 7 

° lili Be, 

0 J 

* a Sf" eo 

ud 

F 60 

a 1 

E | 

a / 

S 

a | | | 

iva x ; 4 

Ee 





8 =] 2 i3 i4 15 


WAV ELE NGTH, pL 


FIGURE 8 Infrared spectrum of natural rubber (pale crepe) vulcanized with sulfur dioxide and hydrogen sulfide (Peachey process) 
using 5 cycles of both gases. 


bond shift occurs in the Peachey process which and 135° C. The spectrum given in figure 9 was 

also believed to involve an active form of sulfur [23]. | typical and was obtained on a sample containing 

| 4.0-percent peroxide vulcanized for 2% hr at 135° C. 

3.8. Vulcanization With Di-Tertiary Butyl Peroxide | The apparent changes have been noted in Peace hey 

vulcanization. There is a possible increase in the 

In comparing peroxide vulcanization with sulfur | intensities of the bands at 3.05 and 6.5 uw, and a 

vuleanization it was necessary to choose a peroxide | possible reduction in the carbonyl absorption at 
that did not contain conjugated double bonds. Di- | 5.75 wu. 


tertiary butyl peroxide was satisfactory from this | — It was found, however, that these apparent chan es 
standpoint and has received some study [{7, 14]. It | were present in a sample enc i hee © peroxide) 
is believed to act by a free radical mechanism, does | which had not been vulcanized, i. e., heated above 


not combine with the polymer, and forms only | the temperature involved in nae Sad However, this 
volatile decomposition products, tertiary-butanol | sample exhibited none of the mechanical properties 
and acetone [14]. Furthermore, the oxygen content | of the vulcanized materials, nor was it transparent 
of the vulcanizate is said to be not significantly higher | and free from tackiness. Different times of vulcani- 
than that of the raw rubber [14]. _ zation for the samples containing the different 

Samples of pale crepe natural rubber were pre- | quantities of peroxide did not change the spectrum 
pared containing 1.5-, 4.0-, and 7.25-percent perox- | appreciably. Slight increases in absorption at 8.4 
ide. These samples were vulcanized for different | and 10.3 u were noted when samples containing 
periods of time varying from 15 min to 24 hr at 125° | 7.25-percent peroxide were vulcanized for 24 hr at 


WAVE NUMBER, 
400 300 200 000 9& 300 850 800 750 700 








PS , d 
9 / 
P 4 r 
e, 
= 
= 
w4 
y 
$ x 
= 
4 
‘ 
> 2 4 ~ t ? 8 ' 
WAVELENGTH, iLL 
Ficure 9. Infrared spectrum of natural rubber (pale crepe) vulcanized with 4.0 percent di-tertiary butyl peroxide for 2% hr at 
136° C. 


19 








135° Only a very slight change was noted at 
8.4 w and none at 10.3 « when these samples were 


‘ 


vulcanized for 24 hr at 125° C. 


3.9. Vulcanization With Gamma Rays 


In order to compare the structural changes ob- 
served for sulfur vulcanization with those resulting 
from gamma rays, pressed films of pale crepe rubber 
alone and with 8- and 15-percent sulfur were exposed 
to a gamma-ray source of 50-curies strength for 
120 hr (exposure dose of 10° to 10° roentgens) in air 
and under a vacuum. ‘This exposure is sufficient to 
cause gelation. The treated specimens were quite 
sticky and some of them became too thick to give 
satisfactory spectra. 

The changes occurring in the sample containing 
no sulfur when irradiated in air appear to be the 
same as those resulting from compounding with 
peroxide as indicated in figure 9. For the speci- 
mens containing no sulfur and vulcanized in a 
vacuum and for the samples containing 8- and 15- 
percent sulfur vulcanized either in air or in a vacuum, 
the spectra were not sufficiently satisfactory to 
estimate the status of the bands at 3.05 and 6.5 
un; however, the band at 5.75 uw did not seem to be 
reduced. None of the specimens showed any evi- 
dence of conjugation. Because of an incomplete 
spectrum, the status of the band at 10.4 « could not 
be determined for the specimen containing no sulfur 
and vulcanized in a vacuum, but in all other cases 
there was no evidence of a double-bond shift. 

Sears and Parkinson [32] and Sears, Parkinson, 
Sisman, and Towns [33) have exposed Hevea pre- 
sumably vulcanized and containing sulfur, zine 
oxide, stearic acid, benzothiazyl disulfide, and phenyl 
8-naphthylamine to gamma radiation (absorption 
dose of 2.210° rads). They report a continua- 
tion of the double-bond shift already started during 
vulcanization. 


4. Summary and Conclusions 


Infrared studies have been made of natural rubber 
vulcanized with sulfur alone and also with sulfur and 
various accelerators. The spectral change (ap- 
yearance of band at 10.4 uw) resulting from the double- 
Rood shift observed by Sheppard and Sutherland 
|36] was verified for compounds containing 2 percent 
or more of sulfur. The presence of conjugated 
double bonds in compounds containing 5 percent 
or more of sulfur has been indicated spectroscopically 
for the first time (appearance of band at 6.25 y) 
and supported by chemical evidence obtained from 
studies performed with squalene-sulfur reaction 
product and maleic anhydride. Conjugation pre- 
sumably results from either two double-bond shifts, 
or the introduction of a new double bond. Shep- 
yard and Sutherland [36] have shown the double- 
me! shift to be correlated with the amount of 
combined sulfur. 

In general, the effect of such accelerators as zine 
dibutyl dithiocarbamate (BZ) and _ tetramethyl- 
thiuram disulfide (TMTD) is to reduce at least the 
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amount of conjugation occurring with a given amount 
of double-bond shift and hence with a given amount 
of combined sulfur. Apparently these accelerators 
either prevent the formation of the conjugated 
double bonds or react to remove them after they are 
formed. Accelerated compounds also show evidence 
of reduced absorption due to carbonyl groups and 
possible increased absorption due to OH groups as 
the most likely structures. 

Compounds cured with TMTD alone, peroxides, 
gamma rays, or sulfur dioxide and hydrogen sulfide 
(Peachey process ) do not show evidence of the 
double-bond shift or of conjugation. They do 
show a possible decrease in carbonyl structures, and 
in the case of the last three, possible increased ab- 
sorption due to OH and ionized carboxyl groups. 
Again, the structures named seem to be the most 
likely ones involved. 

Apparently, the double-bond shift and the result- 
ing conjugation are primarily phenomena related 
to the use of elemental sulfur. The other vuleani- 
zation systems studied evidently involve different 
mechanisms. 

There is, during sulfur vulcanization, an increase 
in the intensity of the band near 6.1 uw relative to 
that of the band at 6.0 uw. This change in relative 
intensity is noticeable with 12-percent sulfur and 
increases with increased sulfur content. In rubber- 
sulfur vuleanizates, at least, the band near 6.1 4 
has been resolved into a doublet with one absorp- 
tion at 6.10 w and the other at 6.13 ug. 

The fact that the double-bond shift, conjugation, 
etc., were observed spectroscopically in this work 
only with certain minimum quantities of sulfur or 
times of vulcanization, does not imply that they do 
not actually occur with less sulfur or shorter times 
of vulcanization. It is only reasonable to assume 
that they are a continuing part of the over-all vul- 
canization reaction and that the condition of occur- 
rence of the bands results from their absorptivity 
and the particular method of spectroscopic study 
employed. 

It is well-known that rubber-sulfur compounds, 
accelerated compounds, and compounds cured with 
TMTD alone (all containing the usual percentages 
of compounding ingredients) are increasingly re- 
sistant to aging in the order named. If the present 
studies can indeed be extrapolated to the smaller 
percentages of compounding ingredients usually em- 


ploved, the concentration of conjugated double 
bonds should also decrease in the same order. Since 


conjugated double bonds are known to be bighly re- 
active, it is reasonable to assume that there should 
be some relationship between the ease of oxidation 
and the concentration of conjugated double bonds 
in the compound. 

Preliminary observations have revealed that, as a 
sulfur-vuleanized film of rubber oxidizes, the ap- 
pearance of absorption bands of C=O, C—O, and 
OH groups in the infrared spectrum is accompanied, 
among other things, by a reduction in the conjugated 
double-bond absorption at 6.25 wu. 

It should be noted that the interpretation of the 
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band at 10.4 uw, as discussed in this article is different 
from that proposed by Glazebrook and Saville [21], 
and Bateman, Glazebrook, Moore, and Saville [2]. 
These authors suggest that this band is due to sub- 
stituted tetrahydrothiophenes which their studies 
with small molecules have indicated are formed dur- 
ing vulcanization. These tetrahyvdrothiophenes are 
reported to have bands near 10.5 to 10.6 w and one 
of them also is reported to have a band at 10.44 u. 
Ebonite containing 32-percent sulfur and squalene- 
polysulfide residue from distillation of the reaction 
product are also reported to have bands in this re- 
gion in contrast to the results obtained under the con- 
ditions employed in the present work. It should be 
noted that the wavelength of the band observed at 
10.4 uw in the present work is shifted to longer wave- 
lengths with increased sulfur content and occurs at 
10.45 w with 25-percent sulfur. This general trend 
is in agreement with the findings of Sheppard and 
Sutherland [36]. Furthermore, the spectrum of the 
squalene-sulfur reaction product in figure 5 has a 
shoulder at 10.5 wu. It may be that the tetrahydro- 


thiophenes produce the bands at the longer wave- 


lengths and that the band at the shorter wavelengths 
near 10.4 uw is actually due to a shifted double bond. 
Perhaps the tetrahyvdrothiophenes form at a late 
stage of the reaction or under conditions of higher 
concentration of sulfur. In this connection Craig 
[8] has shown that tetrahyvdrothiophene itself does 
not react with maleic anhydride when the two are 
heated at 125° C for 90 min. Thus, the changes 
observed on reacting the squalene-sulfur reaction 
product with maleic anhydride, including removal of 
the band at 6.25 wu and a possible decrease in the 
intensity of the band at 10.4 uw, were probably not 
due to reaction with tetrahydrothiophenes. In the 
absence of some other interpretation, it is assumed 
that these changes are due to reaction with a con- 
jugated hydrocarbon system. 


The authors are indebted to F. H. Stross of the 
Shell Development Co., Emeryville, Calif., for sup- 
plying the purified squalene used in this work: and 
to Edmund J. Blau, formerly of the Bureau and now 
with the Applied Phivsices Laboratory, Johns Hopkins 
University, Silver Spring, Md., for his assistance in 
the Raman studies. 
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' Crystal Structure of Barium Hydrogen Orthophosphate 


Gordon Burley 


The strueture of anhydrous BaHPO, was determined from three Fourier projections. 


The unit cell is orthorhombic with the space group Pn2\a 
1.59 A, and it contains twelve formula units. 


are a= 14.12, b=17.15, and « 


No. 33. 


The cell dimensions 
Each Ba atom 


has a coordination polyhedron of ten oxygen atoms, being bonded to four phosphate tetra- 


hedra by edge sharing and to two more by corner sharing of oxygen atoms. 


The phosphate 


groups are in separate tetrahedra, linked by hydrogen bonding to form continuous chains. 


1. Introduction 


The crystal structure of anhydrous barium hvdro- 
gen phosphate, BaH PO,, was investigated as part of a 


program of systematic study of orthophosphate 


structures. Recent publication of the results of a 
structure determination of CaHPO, (monetite) {/] ! 


made it advisable to refine the BaH PO, structure to | 


such an extent 
relationship between the two 


2. Experimental Techniques 


The crystals used in this investigation were grown 
at the interface of a solution of Bag (PO 4). covered by 
a layer of dilute H,PQO,. 
erystals is that of a horizontal prism on a, with 
average diagonal dimension of 0.35 mm and thickness 
of about 0.07 mm. 

Oscillation and Weissenberg photographs were 
taken about the principal axes using Cu and Mo radi- 
ation. Additional data was also obtained from a 
precession photograph of the O&/ reflections, using 
Mo radiation. Intensity data was obtained with a 
Wiebenga-Nonius integrating Weissenberg camera 
and a densitometer adapted for the purpose. 
flections were corrected for Lorentz and polarization 
factors by the method of Lu [2]. 


3. Structure 
3.1. Cell Dimensions and Space Group 


According to Groth [3], De Shulten reported an- 
hydrous BaHPO, as orthorhombic, in the form of 
short prisms, and with axial ratios of a:b:e 
0.7133:1:0.8117. 

In the present work the BaHPO, unit cell was 
found to be orthorhombic with space group Pn2,a 


No. 33 [4]. The observed reflection conditions were 
Okl :k-+ 1 2n, 
kz0:; A=2n 


From single crystal photographs, the cell dimensions 
Were Obtained as 


Italicized figures 
this paper 


n brackets the literature references at the end of 


indicate 


as to allow an examination of the 


The morphology of the | 


All re- | 
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a=14.12 +0.03 A, 
b=17.15 +0.03 A, 
c 4.59 +0.02 A. 


Relative intensities of the layer lines on oscillation 
photographs strongly suggested a pseudocell having 
dimensions a/2, 6/3, ¢. This is somewhat more pro- 
nounced in the 6 direction than along a. 

Cell dimensions similar to those obtained here, with 
the same indication of a smaller cell, were given by 
Bengtsson [5], but the space group Peen suggested 
by him did not agree with our observed reflection 
conditions. 

A preliminary AEC paper on this structure by R. 
C. L. Mooney |6] was recently declassified and made 
available for inspection. This previous work was 
based on the pseudocell derived from powder dif- 
fraction data and assigned oxygen parameters on the 
basis of space group symmetry alone. Only qualita- 
tive single crystal intensity data was used. The 
barium parameters are in excellent agreement with 
those obtained in this investigation, although oxygen 
positions are different. This is primarily due to the 
fact that all reflections contain a orm contribution, 
and the comparatively small variation in the cal- 
culated intensity, resulting from the assumption of 
a small oxygen shift could not be detected with the 
qualitative data used. :; 

On the basis of the larger unit cell established in 
this investigation, there are 12 formula units in the 
cell and all atoms are in the fourfold general positions 


ae hee 
<2 I, 3 


53+ 2, y, $—z. 


t,y,2;Z,4+y +y, 34 
The space group is proposed on the basis of the ob- 
servable scattering contribution of all atoms, but the 
almost negligible scattering of hydrogen atoms pre- 
cludes their inclusion in the original selection of sym- 
metry elements. The calculated density is 4.170 
g/cm*, compared with a reported value of 4.165 


g/em*® [3]. 
3.2. Absorption Corrections 


The AkO reflections were obtained from Weissen- 
berg photographs using Mo K, radiation, since the 
largest dimension of the crystal was well below the 
optimum size caleulated from linear absorption data 











for this wavelength. The Of/ pattern was obtained 
on a precession camera with the largest crystal face 


normal to the incident beam. Only the usual 
Lorentz-polarization correction was applied. For the 
hOl zone of reflections, it was necessary to use an 


absorption correction because of the geometry of the 
crystal. This was done by setting up a graph of the 
correction factor as a function of sin @/\ and obtain- 
ing the appropriate interpolated value for each A0/ 
reflection. The graph was constructed from a com- 
parison of the observed 00 reflections on the AO/ 
films with the calculated values, used as the stand- 
ard, available from the AkO projection. A separate 
straight line relationship held for each of three 
separate films and the agreement for the three flms 
was within better than 5 percent for all observed re- 
flections. This scaling assured approximate cir- 
cular cross section of a evlindrical specimen and is 
essentially an absorption correction approximation. 
In order to evaluate this approximation method, the 
absorption for eight reflections, widely differing in 
intensity and position, was separately calculated by 
the geometrical absorpt ion correction method of 
Evans [7]. The agreement was within 8 percent, and 
deviated in both directions. ‘Therefore, the values 
of the AO/ intensities, corrected for absorption and 
scaled by the above method, were used in the cal- 
culations, but substantially only as a secondary 
check to reject a grossly inaccurate structure. 


3.3. Structure Determination 


The presence of the short ¢ axis suggested a pre- 
liminary trial projection on the 001 plane. Approxi- 
mate Pa positions were found from line syntheses 
along [100] and [010] and a Patterson projection. A 
Fourier projection using only these Ea paran eters 
showed the position of the P ators. Rows of alter- 
nating Ba atoms and P atoms were alined parallel to 
the a axis with a separation of 6/6 and with an in- 
terval between adjacent atoms of the same row of 
about 4/4. The projection was then refined by four 
successive difference Fourier svntheses, where the 
coefficients are obtained by subtracting the caleu- 
lated from the observed structure factor for each 
index. This indicated that the phosphate tetrahedra 
were turned approximately 20° about a rotation axis 
parallel to the a axis, and that successive tetrahedra 
in the same row were turned in opposite directions. 
Because the magnitude of the angle of rotation was of 
importance in fixing the position of the hydrogen 
bond, it was determined by calculating structure 
factors for increrrents of 10° rotation of the tetra- 
hedra from 0° to 90°. A graph of PR values versus 
angle of rotation, with additional calculations at in- 
tervals of 2 deg from 18° to 26°, showed a rinimum 
at akout 21° (fig. 1). The final value of ? for the 
hkO reflections was 14.4 percent, where ? is defined as 


Zl (| Fone! —|F cate!) 
Z| F 2s. 
Patterson syntheses, using AO/ and Ok/ data, showed 


conclusively that all the Ba and P atoms on a row 
parallel to the a axis had almost identical 2 param- 
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Fiat RE l. Graph of R values for the hkO zone of re flections 
persus angle of rotation of the phosphate tetrahedra. 


eters, and that each row was separated from its 
neighbor by about 6/6 and ¢/2. There was overlap 
of atoms in both the @ and 6 directions and Fourier 
projections did not resolve individual atoms, For 
the three independent Ba atoms, refinement of the 

parameters was accomplished by calculation of 
structure factors for various combinations of Ba 
positions. The approximate contribution from the 
other atoms was added to this partial structure fae- 
tor, and the total matched with the observed data, 
Several combinations of the three independent. pa- 
rameters gave satisfactory agreement for the A0l 
data, but only one set could also be reconciled with 
the Ok/ data. A least-squares refinement was at- 
tempted, but there was no convergence because of 
the overlap. Simultaneous adjustment in small in- 
crements of all atomic 2 parameters resulted in final 
agreement factor (/?) values of 17.2 percent for the 
hOl reflections and 14.5 percent for the Ok/ set. The 
P to O distance was assumed constant at 1.56 A for 
this purpose. The independent 2xtomic parameters 
are listed in table 1. 


TARLE 1 Coordinates of atoms in BaHPO, 
BaH PO, 
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A comparison of observed and calculated structure | structure factors. Since each zone of reflections was 

actors is given in table 2. All intensities were | treated independently, all row lines appear twice in 

J measured on a relative scale for each zone of reflee- | this table, for these reflections are observed separately 
“ion and scaled by comparison with the calculated | on two films. 


TABLE 2. Comparison of calculated and observed structure factors for BaHPO, 





. h } } h jh l } F h h l F, F, 
00 oOo 2 76 4 13 00 03 15 1! OO OO 02 105 s4— 
’ Oo oo 04 12 11 13 00 O4 10 1s 00 00 04 13 11 
- ol oo Ol 0 13 14 oOo Oo 4 KO— OO 00 06 20 19 
ol Oo 02 1h 1] 14 00 ol 30 20 00 Ol ol 0 y 
Ol ow 038 21 17 14 Oo 02 20 31 
S 00 01 03 36 43— 
ol Oo 04 24 14 00 03 10 14 00 Ol 05 32 40 
- Ol Oo O5 33 15 00 ol 0 2 oO 02 02 22 19 
02 oo ow 0 15 OO 02 0 3 OO 02 04 40 46— 
02 oo ol 48 16 oOo Oo 46 45 00 02 06 39 39 
n 02 oo 02 43 1 16 00 02 67 7s 
=) 16 00 02 20 23 00 03 Ol vl 165— 
30 02 Oo 03 0 5 Oo 03 03 49 49 
02 ow 04 v1) 21 00 03 O5 10 12 
02 oo OF 7 25 oo O68 00 130 156 00 04 02 19 32- 
03 00 ol 0 1 oo 12 00 136 134 00 04 04 33 42 
octions 03 oo 02 0 2 oo 18 OO 11¥9 93 
; 02 00 00 0 22 00 04 06 25 37- 
OS Oo 03 21 12 02 03 00 St) s4 OO O5 Ol 0 7 
03 Oo 4 48 36 00 O5 03 36 30— 
03 oo Os 24 2% 02 06 00 0 0 00 O05 05 27 30 
n its 04 00 00 112 156 02 i) 00 117 102 00 06 00 123 158— 
O4 oo Ol 38 45 02 12 00 47 35 
erlap 02 15 00 81 65 00 06 02 7: 75 
yurier 04 oo 2 69 98 02 Is 00 0 28— 00 06 04 17 24— 
7 . 4 00 03 21 pai) 00 06 06 1 8— 
For 04 00 04 0 8 02 21 Td) 3 74 oO | 07 | O1 0 5- 
4 00 05 0 4 04 OO OO Sl 156 00 07 03 33 40 
| the 05 00 Ol 0 2 04 03 00 92 108 
yn of 04 06 Oo 117 117 00 07 05 27 31— 
: O45 oo 02 0 0 4 oy 00 108 bal] OO OS 02 16 2— 
f Ba 05 00 03 23 17 00 OR 04 35 40 
O5 Oo 04 0 5 04 12 00 127 114- 00 Os 06 26 29-— 
n the O5 00 O5 39 3H 04 15 00 52 35— 00 ov 01 105 116 
pb fac- 06 Oo oo 108 103 04 18 oo 105 91 
: 04 21 00 61 47 00 09 03 41 43- 
data 06 | 00 O1 39 52 0 00 00 78 103- 0 | 09 | 05 0 3- 
+ 06 Oo 02 4] 42 00 10 02 29 20 
t pa- 0 | 00 | 08 0 0 06 03 00 70 90 00 10 | O04 34 34— 
" On Oo 04 15 wt) 06 06 00 63 47 OO ll Ol 0 8- 
hol ‘ On 00 O5 20 v1) 06 oy Oo 09 4 
with 06 12 00 XA 70 00 11 03 29 33 
O7 oOo Ol 0 0 06 15 00 41 36 00 11 O5 26 34— 
iS al- ? 07 00 02 0 5 00 12 OO 121 138 
”_ 07 Oo 03 0 l 06 1s 00 55 43 Oo 12 02 RS &5— 
Se of 07 oo 04 34 30 OS oo 00 44 43 00 12 04 14 10 
ll In- 07 oo O05 0 l OS Os Oo 78 104 
. OS 06 00 7s 70 00 12 06 13 Ss 
final OS 00 Oo 14 43 OR 09 00 114 114- 00 13 01 0 6 
r the OR 00 01 84 100 00 13 03 2s 32 
a. ON Oo 02 38 53 Os 12 00 61 hy 00 14 02 13 18 
The Os oo 03 34 31 OS 15 Oo 4 SH 00 14 04 26 36- 
. r OS Oo O4 0 2 OS Is Oo s T— 
A for 10 00 00 &3 105 Oo 15 ol us 114— 
tar OS Oo Os 10 10 10 03 00 0 10 00 15 03 37 33 
eters rod on a1 0 , 00 16 02 26 21- 
ov Oo 02 0 6 10 06 00 70 85 00 16 04 28 32 
09 oO 03 0 10 10 oy Oo 0 1 00 17 Ol 0 2 
09g OO 04 12 16 10 12 oOo 72 67 
10 15 Oo 0 15 00 17 03 17 23- 
09 00 OF 25 32 10 1s 00 5S 5l 00 18 00 &5 96 
10 oo oo 106 105 OO 18 02 62 73 
10 Oo ol 0 17 12 oo 00 0 1- 00 19 ol 0 7- 
10 oo 02 36 30 12 03 00 97 108 - 00 19 03 18 30 
10 Oo 03 0 1! 12 06 00 0 21 
12 09 oo RH 103 00 20 02 0 15- 
10 00 4 20 19 12 12 00 0 9 00 21 01 66 77 
1! LL Ol 0 2 00 2 03 27 34— 
11 Ow (2 0 6 12 15 00 st 101- 00 22 02 0 = 
11 OO OS 0 6 14 00 00 44 iO- 00 23 01 0 4 
11 00 04 19 16 14 03 00 39 44— 
12 00 TD 0 1 14 06 00 5A 68 00 24 00 76 80 
12 on 01 101 106 14 oy oOo 33 ) 
12 om 02 0 I3— , _— 
2 © | 32 28 4) | @ ~ “4 
12 on Oo » m 16 oo oo 50) 45 
16 03 oo 75 O68 
13 ow ol 0 2 16 O86 oo 3 42 
13 oo 02 0 th 16 oo oo 5S 73 


25 











3.4. Estimate of Accuracy 


An estimation of the accuracy of the structure 
determination was made from the final difference 
map on the AO plane by Cruickshank’s method 
IS 9]. Assuming isotropic Variation, the standard 
deviations of atomic parameters are 


Ba=0.018 <A, 
P O55 A. 
() OOS A. 


Because of the large uncertainty in the positions of 
the lighter atoms, no artificial temperature factor 
was used 

« The standard deviations of bond lengths are 


Ba—O—0.067 A, 
P—O OSS A. 
()—() ool A 


4. Description of Structure 


cell contains 12 formula weights of 
BaHPO,. All atoms are in general positions that 
are related by symmetry in sets of four. Conse- 
quently, there are only 3 Ba, 3 P, and 12 O atoms 
with independent parameters. The x and y coordi- 
nates of the Ba atoms are in excellent agreement 
with those given previously by Bengtsson [5]. The 
present investigation has contributed the 2 param- 
eters for the Ba atoms and the placement of the 
lighter atoms. 

A schematic projection of the structure on the 
hkO plane is shown in figure 2. The height above 
the base plane where z=0 is indicated for each atom 
in units of 2/100 


The unit 
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Figure 2 Projection of the structure on the hkO plane 
J . } 


and P, respectively 
ndicated refer to 


(Circles in decreasing order of size represent Ba, O, 
Complete phosphate tetrahedra are shown, but the heights 
the position in the single unit cell 


At about 2=0.25 and 0.75 there are rows 
parallel to the a axis of alternating Ba and P atoms 
The atoms within each row are not perfectly alined. 
but vary somewhat in their z parameters. Adjacent 
rows at a given ¢ level are separated by 6/3. The 
families of rows ¢/2 apart are displaced from each 
other by 6/6. Thus the projection on the base plane 
shows six such rows, separated by 6/6. All phos. 
phate tetrahedra are rotated by roughly 21° about 
these row axes. The reference position of 0° rota. 
tion is taken as that in which a twofold axis of sym- 
metry relates all the oxygens of the tetrahedron. 
and two of these oxygens are superimposed on each 
other in the projection on OO] Successive tetra- 
hedra within the same row are rotated through an 
angle of the same magnitude but opposite sign 
Figure 2 also shows that in rows adjacent in the 
projection on the base plane all the tetrahedra are 
oriented in opposite directions 

The P atoms are each surrounded by four oxygen 
atoms in apparently undistorted tetrahedral con- 
figuration and at distances of 1.56 A within the 
limits of experimental error \ summary of all 
other coordination distances is given in figure 3 
Lines with two numbers indicate coordination with 
two separate tetrahedra at different heights. Each 
Ba atom is in sevenfold coordination with oxygen 
atoms at distances varying from 2.6 to 3.1 A. (The 
sum of the atomic radii is 2.75 A.) Three additional 
oxygen atoms are tied to each Ba atom if the coordi- 
nation distance is extended to 3.5 A. Bevond this 
distance there is a considerable jump to the next } 
nearest neighbor at 4.2 A. Because of the uncer- 
tainty in the oxygen positions, coordination dis- 
tances are significant only to the nearest 0.1 A 

In the larger coordination sphere of barium, each 
Ba atom is linked to the oxygen atoms of four phos- 
phate tetrahedra by edge sharing and to the oxygen 


atoms of two more by corner sharing. The coordi- 
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nation distances for each independent Ba atom are 
gJightly different, but the general configuration 
around each is similar. This explains the presence 
of the pseudocell, because the pattern repeats at 
and the contents of each 
the relative displacements 
Kach 
each 
each 


intervals of a/2 and b/3, 
pseudounit differ only in 
mn the ¢ direction of the component atoms. 
phosphate tetrahedron has 2 oxvgen atoms 
linked to 2 different Ba atoms and the other 2 
honded to 3 Ba atoms 

The position of the hydrogen atom can be inferred 
fom structural considerations. The experimentally 
observed O to O distances between adjacent tetra- 
hedra are 35.1 and 3.2 A in one direction and two of 
25 A in the opposite direction. It is generally as- 
sumed [10] that the extremely short bonds can be 
due only to an unusually large binding force, which 
must ascribed to hvdrogen bonding between 
these atoms. This would assign half the proton to 
each of the two O atoms bonded to only two barium 
atoms. No data could be obtained with X-rays on 
the svmmetry of this hydrogen bond. This bonding 
would link phosphate tetrahedra in roughly a 
diagonal progression with translation of ¢/2 and 6/6. 
The propagation direction is symmetrically opposed 


for tetrahedra by a/2. 


be 


separated 


Structurally, there is a marked resemblance be- 
tween the projection on (O01) of BaHTPO, and the 
same projection of the triclinie CaHPO,. How- 


ever, the coordination numbers of the metal atoms 
differ due to variation in the relative positions of | 
the phosphate groups and the compounds are not | 
isostructural | 
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5. Summary 


The structure of BaHPO, essentially consists of 
discrete phosphate tetrahedra, undistorted within 
the limits of measurement, held together by Ba ions 
and probably hydrogen bonding. The coordination 
sphere of the Ba atoms includes 10 oxygen atoms, 
7 of which are bonded more firmly than the other 3. 


pe ee 


The author is indebted to Rose C. L. Mooney for 
suggesting this problem and helpful advice during 
the of the investigation. Alvin Perloff 
prepared the crystals. 
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A Study of Sampling of Flame Gases ' 
C. Halpern and F. W. Ruegg 


A study of sampling of hot combustion gases by means of water-cooled probes of internal 


diameter of 0.027 to 0.070 em has been made. 


“ffect of conditions of sampling on concentra- 
tions of CO, CO,, Hy, and H,O was the primary interest in this study. 


The probes were 


unable to quench reactions completely and were unable to preserve the original composition 


of the gas, but small probes were more effective than larger probes. 


Sample composition 


was unaffected by sampling velocity, except that at the higher rates of sampling it appears 
that gradients of composition and temperature caused the effectiveness of quenching to 


decrease. 


1. Introduction 


The current interest in high-temperature combus- 
tion as applied to the field of jet propulsion has led 
to a need for means to determine the state of the 
combustion gases in and near the region of chemical 
reaction. Knowledge of the pressure, temperature, 
and composition of the gases, among other quantities, 
Is needed to understand the phenomena observed. 
The composition of the flame gas may be determined 
by chemical analysis, and temperature, concentration 
of fuel, and the extent of reaction can be derived. 
These quantities are determined, of course, for the 
point or small volume of the engine from which the 
sample is drawn, and this is one advantage of using 
chemical analysis. 

Samples are commonly taken by drawing the hot 
gas through tubes that are cooled with water both 
to protect the tube and to help preserve the composi- 
tion of the gases being sampled. Chemical analysis 
will be of value only if the composition of the sample 
remains unchanged, and this investigation is con- 
cerned with the determination of the effectiveness 
of this method of sampling in preserving the com- 
position of the gas at the point of sampling. The 
primary interest here is in samples from streams of 
gas whose compositions are constant at the point 
of sampling. One requirement of this investigation, 
therefore, is a source of hot gas whose composition 
will be constant during the sampling period; a flame 
burning under controlled steady conditions and of 
sufficient size relative to the probe and rate of 
sampling will satisfy this need. 

Considerable work which involved sampling and 
analysis of flame gas was reported during the early 
years of this century [1 to 16]. Most of this work 
vas done with flames of comparatively low tempera- 
ture, 1.800° C or less, and the main interest was to 
determine if chemical equilibrium existed in the 
flame. Generally, there was no interest in or even 
recognition of the problems of sampling. Only 
Haber and Le Rossignol [6] and Haber and Hodsman 
(7) did any work that involved changing the condi- 
tions of sampling. Their method of sampling was 
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Probe material and configuration had little effeet on sample composition. 


to attach an evacuated container to a water-cooled 
probe and let gas flow in through a stopcock until the 
pressure reached 0.5 atm. Haber and Le Rossignol 
used a probe, i.d.=0.015 em, to sample a carbon 
monoxide-oxygen flame with a temperature of about 
2,900° K. Results of 7 tests, 5 at one rate of sampling 
and 2 at lower rates, showed some variation of sample 
composition with rate, but were interpreted to be 
only a negligible change. The position of the 
stopcock probably was changed to change the rate 
of sampling. The speed of the hot gas sample 
entering the probe at the largest rate of sampling is 
estimated to be sonic and thus the pressure for this 
rate is about 0.5 atm at the entrance of the probe. 
For the lower rates of sampling, the speed and 
corresponding pressure drop is less. Since the 
composition of a gas sample in equilibrium is affected 
by pressure, the composition of the gas sample 
obtained at the highest rate may have changed more 
than the others. Haber and Le Rossignol compared 
the temperature derived from the equilibrium 
constant for the dissociation of carbon dioxide 
calculated from the composition of their sample with 
a calculated adiabatic flame temperature, and 
concluded that their probe was commie of freezing 
the dissociation of carbon dioxide and thus of 
preserving the sample unchanged. But since their 
method of sampling involves a large pressure change, 
the effect of the change of pressure on the composition 
of the sample may have obscured the effect of the 
probe alone. 

Haber and Hodsman used flames of carbon 
monoxide and oxygen, acetylene and oxygen, and 
hydrogen and oxygen. Using the hydrogen and 
oxygen flame, two out of three tests showed a 0.01-cm 
probe to be more effective than a 0.015-cm probe 
in freezing the water dissociation, since the tempera- 
ture based on the water dissociation found in samples 
taken by the smaller probe was higher than in those 
taken by the larger probe. As even this higher 
temperature was about 300° C lower than their 
calculated flame temperature, they concluded that 
even the smaller probe could not freeze the water 
dissociation. Considering the samples drawn from 
the acetylene-oxygen flames, they concluded that 
their probes could freeze the carbon dioxide dissocia- 
tion but not the water dissociation. 











Erbe, Grey, and Beal [17] sampled a natural gas- 
oxygen flame, and temperatures derived from the 
values of the equilibrium constants of the products 
of dissociation of carbon dioxide and water were 
2 589 and ? 644 kK. respectively. They concluded 
that since these two temperatures were in good 
agreement their water-cooled probe (internal diam- 
eter=0.051 em) was able to preserve the composition 
of the flame gas. The given composition of the gas 
sample can be used to compute the ratio of natural 
gas to oxygen, and from this ratio, the flame tem- 
perature was calculated to be about 2,850° KK. On 
this basis, their probe did not preserve the composi- 
tion of the gas in the flame. 

It is well known that the composition of a gaseous 
system in equilibrium can be changed by changing 
the pressure or by diluting the system with an inert 
ingredient, provided that the number of molecules 
of products and reactants are unequal. Hough, 
Valle-Riestra, and Sage [18] have employed a sampl- 
ing system in which combustion gas is expanded to 
a low pressure and simultaneously diluted with 
helium. Their analytical data indicate the possi- 
bilitv that the reduction of the partial pressure of 
the components of the sample caused dissociation to 
overcome the association that would be normal with 
reduction of temperature only. In this event, 
apparent quenched temperatures (based on = an 
equilibrium constant derived from the original 
partial pressures) of the sample would be higher 
than flame temperature. If a plain water-cooled 
sampling probe proves inefficient, this procedure of 
reducing the pressure of the sample may be necessary 

Since previous investigators had paid so little 
attention to the techniques of sampling, and water- 
cooled sampling probes continued to be widely 
used, it was decided that a study of sampling hot 
gases by means of water-cooled probes to determine 
the effectiveness of this method might prove useful 

The composition of a gas in chemical equilibrium 
can be determined from a knowledge of the equilib- 
rium constants of the reactions that are taking place 
As temperature changes, values of equilibrium con- 
stants change, and a sample of gas that is cooled 
slowly will change in composition down to a tempera- 
ture He where the reaction rates are too slow to make 
any further noticeable change in composition. If gas 
at temperature 7 were cooled instantaneously to 7%, 
then the composition of the gas at 7, would be the 
same as at 7, and the reaction is said to be quenched 
In a real case of rapid cooling, as in a sampling probe, 
equilibrium probably is not maintained and there 
must be some reaction occurring during the time of 
cooling down to about temperature 7,. Therefore 
the gas has a final composition between the initial 
composition and the composition corresponding to 
the case of equilibrium cooling. An equilibrium 
constant based on the final composition and _ its 
associated temperature, 7,,, may approximate a 
temperature to which the gas is cooled slowly along 
an equilibrium path, followed by infinite rate of 
cooling to stop further reaction. 7,, which may 
be called an apparent quenched temperature, will 
approach T only when the degree of conversion of 


reactants to products is made small by rapid cooling 

Hottel, Williams, and Satterfield [19] have calcu. 
lated the theoretical composition of flame gas at 
various temperatures for various burning mixtures 
based on the assumption that chemical equilibrium 
exists. Table 1 presents some of their calculated 
compositions. If a mixture is burned whose theo. 
retical burnt composition is known, and if samples 
are drawn from the flame and analyzed, we may. by 
comparing the composition determined by experi- 
ment with the theoretical composition, determine 
T,, for the cooled gas. It is realized that the assump- 
tion of chemical equilibrium in flames is questionable 
but for the lack of anv other data, the values of 
table 1 are made the basis for comparison. Hottel 
et al present the theoretical composition In terms 
of the molecules H,, H.O, No, CO, CO,, and NO, the 
atoms H and O, and the free radieal OH. Of these 
H, Q), and OH do not exist mn the cooled Cas, and of 
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the molecules. H., CO, and CO, are most easily 
determined analytically. In the experimental work 


to be presented, hes is determined by comparison of 


theoretical and experimental mole ratios of CO/CO, 
and H,/H,O. By comparing the apparent quenched 


temperature with the caleulated adiabatic flame 
temperature Zs the effectiveness of probes in quench- 
ing reactions can be determined qualitatively at least, 

Sodium line reversal temperatures for some com- 
bhustible mixtuces are listed in reference [20a]. The 
calculated adiabatic flame temperatures for some 
acetylene mixtures are within 100 of the measured 
temperatures of 2,500° and 3,200° K. The meas- 
yred temperature of a natural gas flame was 2,200 
K. and the calculated temperature was 2,230° K. 


measurements of temperatures of methane 


Some era 
fames at the Bureau show similar results. At a 
sodium line reversal temperature of 2?,600° K, the 


calculated temperature was about 75° higher, where- 
as at 2,100 Kk. the measured and calculated temper- 
atures corresponded. Since measured temperatures 
are close to the calculated equilibrium temperatures, 
it seems likely that the composition of the flame gas 
should be close to the calculated equilibrium com- 
position. 


2. Apparatus and Analytical Method 


Exhaust gas was provided by burning mixtures of 
methane, air, and oxygen in Bunsen cones at the 
discharge port of a nozzle. Three different nozzles 
with port diameters of 1.27, 0.475, and 0.318 em, 
respectively, were used in order to keep within the 
blowoff and flashback limits of the burning mixtures. 
The burner was mounted horizontally to prevent 
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DESIGN TWO AND DETAILS 


FIGURE 1 Gas sampling probes. 


water condensing on the probe from falling into the 
fire. 

The rates of flow of methane, oxygen, and air to 
the burner were controlled and measured in separate 
systems; each consisted of a pressure-reducing valve, 
a flow controller, a rotameter, and a manometer. 
The gases were first dried by passing through acti- 
vated alumina. 

Water-cooled probes, illustrated in figure 1, were 
used to sample the hot flame gas. Proves of design 
| were constructed of stainless-steel hypodermic 
needles or of tubing of other metals mounted trans- 


versely in a piece of flattened copper tubing. Di- 
mensions of these probes are listed 1a table 2. Probes 
TABLE 2. Probe design 1, dimensions 

Probe 
D/A Material 
A B Cc D E 
cm cm cm cm cm 
31 Stainless steel 0. 027 0. 051 0.04 0.83 0. 38 
53 do O47 OSY OS 1. 86 56 
OF do 070 004 11 1.70 65 
5 Platinum 037 135 Os 1. 30 43 
9 do ® O35 135 Os 1.35 36 
75 do O35 135 10 2. 62 75 
0 Silver 035 135 os 1, 38 46 


» Nozzle inlet diameter 0.060 cm, outlet diameter 0.035 em, forme d at entrance 


of design 2 were made of stainless steel hypodermic 
needles with a right-angle bend or with a 90° turn, 
with a radius of \¢ in., mounted in thin-walled copper 
tubing. The bend or turn was set as close as pos- 
sible to the copper wall and the projecting tip was 
made less than 1 diameter of the gas passage in 
length. Probes were mounted with the entrance to 
the gas passage coaxial with the cone of the flame, 
and the distance from the cone could be changed by a 
rack and pinion. 

Gas samples were analyzed eithece gravimetrically, 
using a combustion train, or volumetrically, using a 
Shepherd gas-analysis apparatus. The rate of flow 
of gas through the train was controlled arid measured 
by the exhaust-metering system. The combustion 
train and exhaust-metering system are illustrated in 
figure 2, in which A represents a cold trap; B, a 
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metering system 


31 








quartz combustion tube packed with copper oxide; 
C, a flow controller; D, a rotameter and control 
valve; E, a manometer to measure the pressure in 
the metering part of the system; F, a bleed valve to 
control the pressure in the system; 1, a Turner 
absorption bottle containing in order Drierite and 
phosphorus pentoxide separated by asbestos; 2 and 
1, Turner absorption bottles containing in order 
Asearite and phosphorus pentoxide separated by 
asbestos; and 3, a Turner absorption bottle contain- 
ing in order Anhydrone and phosphorus pentoxide 
separated by asbestos. The Turner absorption 
bottles were modified by fusing male spherical joints 
to the arms of the caps. 

Temperature of the combustion tube was measured 
by a Chromel-Alumel thermocouple, placed alongside 
it and shielded from the coils of the furnace by 
platinum foil. 

For gravimetric analysis, gas samples were drawn 
continuously from the flame through a water-cooled 
probe and into the combustion train at a constant 
specified rate. The pressure in the exhaust-metering 
system was kept at 20 in. of mercury absolute. The 
combustion tube was kept at 270° to 295° C, the 
range in which carbon monoxide and hydrogen are 
oxidized to carbon dioxide and water respectively, 
while hydrocarbons are unaffected. Water in the 
sample was condensed in the cold trap and the 
remaining traces were removed by the Drierite. 
Carbon dioxide in the sample was determined by 
change in weight of the first Ascarite bottle, while 
carbon monoxide and hydrogen were determined by 
change in weight of the Ascarite and the Anhydrone 
bottles, respectively, both after the furnace. Water 
in the sample was approximated from the total 
weight of carbon dioxide collected and the carbon- 
hydrogen ratio of methane. 

“Samples for volumetric analysis were collected by 
two different methods: (1) By drawing exhaust gas 
at a measured rate through a sample container and 
displacing the air, and (2) by the outflow of mereury 
from the sampling container into a leveling container 
which was lowered at a constant rate. Method 1 was 
used only when it was desired to collect a sample for 
volumetric analysis simultaneously with the opera- 
tion of the train. The sample container was inserted 
between the cold trap and the first absorption bottle. 
Method 2 was used to collect samples for volumetric 
analysis when the sampling rate was too low to be 
measured in the exhaust-metering system 


3. Experimental Results 


The factors studied in the investigation of quench- 
ing of reactions were the velocity of the hot gas in the 
entrance of the probe, the internal diameter of the 
gas passage in the probe, the materials of which the 
gas passage was constructed, and the probe design. 
Sampling velocity is calculated as follows: It 
considered that, since fuel and oxygen are always 
used in stoichiometric proportions, only the nitrogen 
supplied in the combustible mixture remains to be 


is 
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metered in the gas after passing through the com 
bustion train. The theoretical nitrogen content of 
the burnt gas for a given combustible mixture and 
given flame temperature is obtained from table ; 
The volume of gas entering the probe is calculated 
from the volume of gas passing through the rotameter 
of the exhaust-metering system corrected to atmos. 
pheric pressure, the theoretical nitrogen content the 
ratio of the calculated flame temperature to room 
temperature, and the measured diameter of the probe 


3.1. Effect of Sampling Velocity and Probe Size 


In all of the experiments reported in this section 
the burning mixture used had mole proportions 
CH,:O,:N,=1:2:2, and the calculated adiabatic 
flame temperature of this mixture was 2,800° K 
The mixture was burned on the port of a 0.475-em 
nozzle and the probe was set 0.36 em from the tip 
of the inner cone of the flame. Lewis and Von Elbe 
(20b| report that the maximum temperature is some 
distance from the tip of the inner cone. Some tests 
were made of the variation of apparent quenched 
temperature with distance from the flame tip, and 
these showed that the distance chosen, 0.36 em. was 
at or near the zone of maximum temperature, A 
series Of experiments was made to discover if the 
composition of the sample varied with velocity of 
sampling. Four probes were used in these experi- 
ments: A 0.027-cm steel probe, a 0.035-cm platinum 
probe, a 0.057-cm steel probe, and a 0.070-cm steel 
probe. Effect of sampling velocity on the composi- 
tion of the sample, as measured by the mole ratios 
of carbon monoxide to carbon dioxide and of hydro- 
gen to water, is shown in figures 3 and 4. Table 3 


presents some data that was derived from these 
experiments. The experimental ratio H,/H,O is 
compared with the calculated ratio 


H,/ H,O+}H+ 30H because it is considered that H 
and OH appeer as H,O in the cooled sample. 

For all four probes, the ratio CO/CO, appears to 
be constant for a limited range of sampling veloci- 
ties and then decreases as the velocity of sem pling 
increases. The ratio H,/H,O exhibits a similar be- 
havior for three out of four probes, only the curve 
for the 0.035-em platinum probe does not show a 
point of inflection. If the amount of flame gas 
drawn into the probe is expressed as a fraction of 
the total mass of the burnt gas, it is found that this 
fraction is alweys between 1 and 2 percent at the 
point of inflection. This suggests that as the rate of 
sampling is increased beyond this point, gas from 
cooler regions of the flame is drawn into the probe, 
causing the velues of the ratios to decrease. The 
sampling velocities at the point of inflection listed 
in the previous table represent the limit beyond 
which our samples are no longer representative of 
the central region being sampled. Under different 
circurrstances, if the gas being sampled contained 
no fixed temperature and concentration gradients, 
these points of inflection would not be expected 
to occur. 
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GAS VELOCITY IN PROBE, cmsec x10” 


Figure 3. Effect of rate of sampling on composition. 


, 0.027-cm probe, design 1; @, 0.027-cm probe, design 2; A, 0.035-cm probe, 
jesign 1; ©, 0.035-em probe, modified design 1. Numbers near points represent 
number of experiments averaged to find value plotted. 


It will be noted that the highest velocity of 
sampling in figures 3 and 4 is 70,000 cm/sec. If the 
velocity were calculated more accurately to take 
account of compressibility, the velocity would ac- 
tually be about 92,000 em/sec, the Mach number 
would be about 0.85, and the pressure at the en- 
trance of the probe about % atm abs. Reynolds 
number of the flow formed from the internal diameter 
of the tube, density, velocity of sampling, and vis- 
cosity was always below 2,000, and hence if the 
flow were laminar in the flame, it would remain so 
in the entrance to the probe. 
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GAS VELOCITY IN. PROBE, cm/sec X 10° 


Figure 4. Effect of rate of sampling on composition. 


, 0.057-cm probe, design 1; @, 0.061-cm probe, design 2: A, 0.070-cm probe, 
design 1. 


There was some indication with the 0.027-cm 
probe, at sampling velocities of 2,000 cm/sec and 
less, that poor quenching was caused by condensa- 
tion of water in the gas passage. When the flow of 
cooling water in the probe was reduced until the 
exit water was about 37° C, quenching was im- 
proved. Tests with the larger steel probes at low 
sampling velocities were not so extensive, and it is 
possible that some of the low values obtained in the 
0.061-cem and 0.070-cm probes could be due to the 
same cause. 


TABLE 3. 


Carbon Hydrogen 
Probe size Sampling | Sampling Sampling | Sampling 
Maximum | Maximum velocity rate * at Maximum | Maximum velocity rate * at 
CO/COs, (Teqgico | at point of point of Hy/H,O (Tea) at point of | point of 
inflection inflection inflection | inflection 
n K cm/sec cm 3/sec si cm/sec cm 3/sec 
0. 027 0. 220 2, 450 30, 000 2.3 0. 010 2, 100 30, 000 2.3 
O35 195 2, 420 17, 000 2.2 . OOS 2, 090 
O57 165 2, 380 11, 000 3.8 . 006 2, 040 10, 000 3.5 
O70 135 2, 335 7, 500 4.1 . 005 2, 000 5, 000 2.6 
* At room temperature and pressure and wet. 
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Fieure 5. Effect of size of probe on apparent quenched 
temperature. 


1, Based on CO/C Os: b, based on H2/H,O 


The relation of apparent quenched temperature 
to the size of the probe is shown in figure 5. It is 
seen that, both for the data from the CO/CO, ratio 
and the H,/H,O ratio, apparent quenched tempera- 
ture decreases linearly as the diameter of the probe 
increases. If we extrapolate to zero diameter, the 
apparent quenched temperature derived from the 
ratio CO/CO, is about 2,520° K, and from the ratio 
H,/H,O, about 2,175° K. These temperatures should 
be compared with a calculated flame temperature of 
2,800° K. Apparently simple convective cooling in 
the probes is insufficient to preserve the gas sample 
unchanged, no matter how small the size of the probe. 
However, if the diameter of the probe is made very 
small, of the order of the mean free path of the gas 
molecules, it may be expected that processes other 
than convective cooling may begin to be effective. 


3.2. Probe Materials 


Probes with gas passages of stainless steel, plati- 
num, and silver were tested. Effectiveness of 
quenching was little affected by the material of the 
probe. Values of the mole ratios of CO/CO, and 
H,/H,O obtained with probes of similar size but 
different materials were similar in magnitude. 

Probes with stainless-steel gas passages proved 
particularly susceptible to corrosion and_ scaling, 
especially at the tip of the steel tube. It was sus- 
pected that interaction between the steel of the gas 
passage and the copper of the body was responsible. 
When the copper body was painted with an alu- 
minum-silica heat-resistant paint, corrosion and seal- 
ing stopped. Before this paint was used, probes | 
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would clog by accumulation of scale in 10 min o 

less in some instances, and some probes were qe. | 
stroyed in less than 5 hr of use. After painting, one | 
steel probe was used for 30 hr without any signs of 
deterioration. Silver probes proved undesirable be. 
cause in each test the gas passage was constricted | 
by formation of a loose black scale, possibly silyp 
oxide. Platinum probes proved satisfactory; no fail. 
ures were experienced with three different probes 
which were used for a total of 60 hr. N 





3.3. Probe Design 


A probe with an internal diameter of 0.035 em and 
a ratio of length of gas passage to diameter of 75 to | 
was built and tested. Results obtained with this 
probe were not significantly different from those | 
obtained previously with a probe of the same diame. 
ter, but with a ratio of length of gas passage to 
diameter of 35 to 1. Therefore a ratio of lenght to 
diameter of about 35 to 1 is sufficient to cool the gas, 

It was considered that conditions of flow in the 
entrance to the probe were among the factors that 
might influence the rate of cooling of the hot gas 
In efforts to improve the mixing and rate of cooling, 
right-angle bends and 90° turns over a radius of 
1/16 in. were introduced in the gas passages of two 
probes. Results obtained with a 0.027-cm_ probe 
having a 90° turn are illustrated in figure 3. Some 
improvement in performance over the straight probe 
is noted, but not enough to warrant adoption of this 
feature. Maximum apparent quenched temperature | 
based on the carbon data was about 2,530°K. A, 
0.061-em steel probe with a right-angle bend showed 
no improvement over the 0.057-cm_ steel probe 
Maximum apparent quenched temperature was 
2,350°K. Results obtained with the 0.061-cm probe 
are shown in figure 4. 

An entrance nozzle, 0.060 cm in diameter, as 
illustrated in figure 1, was formed on the tip of a} 
().035-em platinum probe to prevent possible separa. | 
tion of flow and formation of a stagnant boundary 
laver. Results obtained with this probe are shown | 
in figure 3. Some improvement was found over the 
plain 0.035 


~ 


5-em probe, but the gain was not out- 
standing. Maximum apparent quenched tempera- | 
ture was 2,470°K. 


3.4. Effect of Temperature of Source of Exhaust Gas 


The experimental work described previously was ! 
carried out on exhaust gas provided by burning a 
mixture of methane, air, and oxygen in mole pro- 
portions CH,:0,:N,=1:2:2. Calculated adiabatic 


‘ ° rr’ ? 
flame temperature was 2,800°K. The apparent 


quenched temperature based on the mole ratio 
CO/CO, was about 2,420°K when using a 0.035-cm 
platinum probe, and based on the mole ratio H,/H,0 
was about 2,090°K. It was decided to run a series 
of tests using flames of different temperatures as the 
gas sources to determine the variation of apparent 
quenched temperature with flame temperature. 
Mixtures with the following mole ratios were used to 


a 


a 


min op provide flames with the indicated temperatures: | Under these conditions it was difficult to position 





rere de. | the probe with respect to the flame. However, one 
ing, one | CH,:O,—1:2, 3,050°K; group of tests that gave fairly consistent results 
signs of _ indicated an apparent quenched temperature of 
able be. CH,:0,: No=1:2:4, 2,600°K; 2,000° K based on carbon, and of 1,850° K based on 
stricted | | hydrogen. The effects of convection were negligible 
V silver CH,:0O,: No.=1:2:5.83, 2,400°K; and when using burning mixtures with higher flame 
“no fail. | speeds in the smaller nozzles. 
probes CH, :0.2N.—122:7.52, 2,250°K. _ Apparent quenched temperatures based on hydro- 
\ _ | gen are uniformly lower than those based on carbon. 


This would indicate, perhaps, that reactions pro- 
ducing water are faster than those producing carbon 
dioxide and thus cannot be quenched as effectively. 

In one series of tests, using the burning mixture 


\ll samples were analyzed gravimetrically using the 
combustion train. Sampling velocity ranged from 
5000 to 30,000 em/sec, and the same 0.035-cm 


cm and 


eo ati ‘obe was used. ln : Q «< : : 
75 to} | Platinum pt! aren 9 ehta}, | CHy:O.:N).=1:2:2, samples for volumetric analysis 
. In the case of the mixture CH,:O,—1:2, which : : ape 7 
ith this aan | were collected simultaneously with the operation of 
was burned on a 0.315-em nozzle, about 8 percent | . : 
n those} “* he total burned gas, as determined from the | the combustion train. Apparent quenched temper- 
. » tot: ned gas, as ‘te ) | . 
diame. the tom atures of the cooled gas were determined by the 


tables of Hottel, Williams, and Satterfield, would 
remain after passage through the combustion train. 
This remainder if metered at the lowest indication 
of the flowmeter used would correspond to a sampling 


calculation of the mole ratios of CO/CO, and H,/H,O 
from both the gravimetric and volumetric analyses 
and by calculation of the equilibrium constants, 


sage to 
nght to 


the gas, 


in the locity of 45,000 ¢ a As it ; desired to | rom the volumetric analyses, for the reactions 
rs that velocity OF 40, a oes aie ere” | CO.=CO+40, and H,O—H.+40,. Agreement 
10t gas, |  dllect samples at velocities lower am this for a ' was good for the carbon data. Temperatures 
cooling, | Purpose of cn ont with pitas work, t 4 derived from the equilibrium constants were about 
dius of; practice was adopted of leeding — — a tree | 40° C higher than those from the gravimetric mole 
of two| from ( my ren the =e Min os but petore | ration CO/CO,. For the hydrogen data, temper- 
1 probe a & pn reeny “¥ AO on — a cape yen | ature based on the equilibrium constant was about 

Some | fow at the meter and varying the amount of air | 200° C higher than that based on the gravimetric 


bled in, the flow in the probe could be changed and 
estimated. . 
At a sampling velocity of about 20,000 em/see, 


mole ratio H,/H,O. Apparent quenched temper- 
atures based on hydrogen data are always lower 


it probe 
1 of this 



























































TL 5 of he make ratio COANE varied fain O15 than those based on carbon regardless of the basis 
ee oe 1 the mole ratio H./H.O varied from 0.0039 | !F determination of temperature. 
oe 2 ee r | SS ae “soe Apparent quenched temperatures based on the 
probe, ) 0 9.0050. Apparent pt we ‘Salar on & | gravimetric mole ratios are plotted against the 
re was es oe a he 2 50°K” _calculted adiabatic flame temperatures in figure 6. 
: and base ve 9 2,1 ; 
n probe Average mole ratio CO/CO, was 0.240, which indi- 
‘ter, as} cates an apparent quenched temperature of 2,530°RK; | O af 
ip of a average mole ratio H,/H,O was 0.007, which indicates 3000 
separa: | an apparent quenched temperature of 2,090°K. 
undarv The reason lor this poor reproducibility is not known. x ons 
shown | For the mixture CH,:O,:N,=1:2:4, burned on | ~ 
ver the | the 0.475-em nozzle, the apparent quenched tempera- e / 
ot out: | ture based on the CO/CO, ratio, 0.135, was 2,310° kK, | - ‘enon 
mpera- | and that based on the H./H,O ratio, 0.007 was | 3 ais las 
2,025°K, - zine =e 
For the mixture CH,:O,:N,=1:2:5.83, also | Z 2400 
burned on the 0.475-em nozzle, the apparent | rd 
ist Gas quenched temperature based on the CO/COQ, mole | o 
| ratio 0.110 was 2,.250°K, and that based on the | < 2200 Y 
sly was | H,/H,O ratio 0.0043 was 1,920°K. 3 ; j 
ming & For the mixture CH,:O.:N.—1:2:7.52, results 3 , OF 
le Pr. were erratic and reproducibility was poor. For site | 7 
iabatic | samples collected at the same conditions, mole ratio a 
parent) of CO/CO, ranged from 0.042 to 0.016 and mole | Lf 
» raul) ratio H./H.O from 0.0005 to 0.006. Apparent | —_ 
7 LO quenched temperature based on CO/CO, ranged 
lit from 1,900° to 2,050° K and based on H,/H,O from 
t series 1,600° to 1,960° K. In these tests the gas velocity | — =a aS Se 8 6 
as the Was 117 cm/see at the port of the 1.27-cm nozzle, APPESENT GUENENED TEMPERATURE, 
parent and the flame was irregular and unstable. The | Figure 6 Effect of temperature of gas source on apparent 
rature. ' burner was mounted horizontally and the tip of the | quenched temperature. 
used tO flame was displaced upward by convection currents. | size of circles denote deviation, 
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The size of the points plotted represents the average 
deviation of the data. It is seen that the higher the 
temperature of the gas being sampled, the less 
effective is the quenching of reactions in a probe. 
For the gas mixture with a calculated flame temper- 
ature of 3,050° K, the apparent quenched temper- 
ature based on carbon data was 2,530° K, which is a 
drop of 520°; for the gas mixture with a calculated 
flame temperature of 2,250° K, the apparent 
quenched temperature based on carbon data was 
about 2,000° K, which is a drop of 200°. It 
apparent also that as the temperature decreases, 
the difference between temperatures based on 
CO/CO, and H,/H,0 also decreases. It appears that 
these two apparent quenched temperatures would 
become equal at about 1,600° K, and would coincide 
with the calculated flame temperature. Thus, 
apparently, a probe should function perfectly at 
this gas temperature and the composition of the 
cooled gas should be the same as the composition of 
the flame gas. 

These experiments 


IS 


were made using various 
mixtures of fuel, oxygen, and nitrogen to change the 
temperature of the flame gas, and doing so the 
composition as well as the temperature of the flame 
gas was changed. The effects observed may be due 


in part to this change of composition, but the 
magnitudes of such effects would be almost impos- 


sible to predict. A series of experiments designed 
to test the effects of concentration probably would 
give more reliable information, but time for this was 
not available, and this is left as a. possibility for 
future endeavor. Effects of change of composition 
should be recognized, however, and an empirical 
correlation that includes the effects of composition 
on the sample may be of some value. 

The complicated series of reactions that actually 
take place in the sample tube were simplified for the 
present purpose, in the case of reactions producing 
CO,, to the reaction 


2CO+0,—2C0, 


and this was used as a basis of the empirical correla- 
tion. Correlations based on other reactions possibly 
could serve as well or better, but only a long series of 
experiments could indicate those that actually con- 
trol over a wide range of conditions. Rates of 
reaction are designated by the letter k. The change 
of concentration (C) of CO, due to reaction is 


dCco, =k, C? ’ ko? 
dt col 0, 2\ CO,» 


and the change of concentration due to change of 


sample temperature 7’ in the tube at constant 
pressure p is 

dCco, _ Pco, dT 

dt kT dt 
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from differentiation of the gas law, poo,=Coo.RT. 
The total change is the sum of the individual ¢ hanges, 
and this leads to 


Poo Pe Vy 
Pco, 


dp 0, 
Peo, 


2 ky 
| RT)? 


Po O, 


— K dt 


Pp 


after expressing concentration in terms of partial 
pressure p and using for this reaction the relations 
K,.=K,RT=hk,/k- K is the equilibrium constant, 
expressed in terms of concentration or partial 
pressure. The rate of reaction is related to te mper- 
ature by the empirical Arrhenius equation 


A 
RT 


k~e 
where A is an apparent energy of activation. The 
time rate of change of gas temperature in small tubes 
under conditions ry viscous flow is apparently nearly 
proportional to 7” [17], and if this relation and the 
Arrhenius nanos are substituted in the equation 
for dp/p, we get 


A 
RT 


dT 
Tr 


Poco 
K 


Peo Po 
Pco, 


dPeo. é 
Poo, (RT)? ; 


This may be integrated to 


Pr a) 
K, 


~ A* A r, 
e 1 y +2 nyt 2 ] 
| (RI z RY |; 


where the term containing the partial pressures is an 
effective value over the limits of integration. 
Subscripts 1 and 2 refer to conditions before and 
after sampling, respectively. This was 
basis for the correlation of the experimental data. 


GO %o 
Peg | 
P1 Poco, 


log 


used as a 


The value of A/R was arbitrarily chosen to be 
20,000, and this makes A®?)(RT)?~A/RT-+-2, and 
hence the latter term was neglected. Also, if the 


final temperature 7, where reaction stops is about 


1,600° K, then the terms containing 7) are negligible 
with respect to those containing 7;. As a last 
simplification, the term peo,/A, was omitted, and 


initial values of partial pressures (from table 1) in 
the flame vas were use dd. These reduce the relation 
to 


P2 Poo Po, 


log —~efl = , 

Pr Poo, J; 
and it was found that the relation is linear when the 
partial pressure term is raised to the 0.1 power. 
This is plotted in figure 7. It must be emphasized 
that the relative effects of concentration and tempera- 
ture in this correlation are only estimated, and 
therefore the correlation must be used with caution 
in other situations. 


/ 


' 
A 
s obse 
flam 
i) he 
bets 
j tem 
i lecr 
and 
the 
R 
com 
grad 
poin 


00, RT. 


anges, 


partial 
lations 
istant, 
partial 
‘mper- 


The 
tubes 
nearly 
id the 
uation 


hk 
? 
T 
3 is an 
‘ation. 
e and 
| as a 
ita. 
to be 
and 
if the 
about 
ligible 
a last 
|, and 
1) in 
‘lation 


en the 
ower. 
asized 
npera- 
, and 
2ution 





—— 








'co. 
nn 
is] 


») 


\ 


























1.0 
0 0.2 0.4 Os 0.8 1.0 
2 ¥ 2 ai 10 
"a (F p/p Tatas 
co o, co,/, 
FIGURE 7. Effect of initial conditions on chanae of carbon 
dioxide during sampling. 
7 kK 


4. Conclusions 


Apparent quenched temperatures derived from the 


jobserved compositions are always lower than the | 


fame temperatures; this difference amounts to 500° 


37 


when the flame is at 3,050° K. The difference 
between apparent quenched temperature and flame 
|temperature becomes less as the flame temperature 
lecreases. Below 2,250° K, the differences are small 
‘and composition of the gas sample is close to that of | 
the flame gas. 

Rate of sampling exerts little influence on the 
composition of samples, providing there are no fixed 
gradients of temperature and composition near the | 
point of sampling. 

b 


Design of probes made little difference in the com- 
position of the samples. A ratio of length to 
diameter of the gas passage of the probe of 35:1 is 
adequate for cooling. Apparent quenched tempera- 
ture is affected by the size of the probe, decreasing 
as the diameter increases. 

Effective quenching of reactions in probes in the 
range of sizes used in this investigation probably 
requires other means in addition to water-cooling. 
Sudden expansion to low pressure or dilution wit 
cold inert gas might help to preserve the original 
composition, 
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Thermal decompositions of various nyk 


and composition were investigated by several procedures: 


temperatures between 310° and 380° C; (2 


spectrometry; and 


yn samples having different molecular weights 
(1) The rate of volatilization at 
the analysis of the volatile products by mass 


3) a direct measurement of volatilizing material obtained by carrying 


out the pyrolysis within the ionization chamber of a mass spectrometer. 


Activation energies based on the rates « 
from 15 to 42 kiloealories. The rate behavic 
versus-conversion plots, is close to that give 


f volatilization for the various samples varied 
yr, i. e., the observation of maxima in the rate- 
‘n by theory for random decomposition. The 


different activation energies appear to be the result of a hydrolytic mechanism which is 


sensitive to trace polymerization catalysts. 
and phosphorie acids were added to nylon. 
and the production of CQO, indicates that a 
contributing to the over-all process. It appe 


Increases in rates were obtained when sulfuric 
The fluctuations found in activation energies, 
hydrolytic decomposition mechanism may be 
‘ars evident that, compared to a pure hydrocar- 


bon chain, the polyamides are much more susceptible to thermal decomposition. 


1. Introduction 


Although there has been considerable work done 
on the thermal decomposition of nylon and related 
substances [1 to 4],' relatively little attention has 
heen paid to the kinetics of the process. In pre- 
vious studies, product identification and structural 
changes in the polymer comprised the major portion 
of the work. 

The purpose of this present investigation was 
first to establish a better understanding of the ther- 
mal decomposition of linear high polymers. Prior 
work [5] on linear and branched polyethylene showed 
a striking difference between rates of volatilization 
behavior for linear and for branched polyethylene. 
This difference has not yet been quantitatively 
accounted for in terms of any mechanism hitherto 
treated [6]. It was, therefore, considered desirable 
to investigate some linear polymers that from pre- 
vious product-analysis were suspected of decom- 
posing more or less randomly. A second purpose 
was to establish the energetics so that a comparison 
could be made with polyethylene and the thermal 
stability of the peptide linkage determined. 

The effects on the process of moisture, traces of 
polymerization catalyst, 1 acids, a free radical 
inhibitor, and surface area were also studied to some 
degree in order to cast further light on the details of 
the mechanism of decomposition 


2. Materials 


Nylon samples 4406, 4408, and 4409, used in the 
present work for rate of volatilization determinations, 
have been described previously [33]. The first two 
were made from a mixture of hexamethylenediamine- 
adipic acid and caprolactam, whereas the last one 
contains, in addition, some hexamethylenediamine- 
sebacic acid. The other nylons under study were 
nylon-6 samples made from caprolactam. They 
* Presented in part before the 130th Meeting of the American Chemical Society, 
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the literature references at the end of this paper, 


were prepared by the National Aniline Co., Hope- 
well, Va.; one had a molecular weight of about 30,000 
and the other about 60,000, as determined from 


| 
| 
} 





| viscosity measurements in formic acid. The re- 
| lationship between the viscosity average of nylon 
| in formie acid and the number average has been 


reported [7]. 

| The Dacron sample used, a product of the E. I. 
du Pont de Nemours & Co., Inc., was in the form of 

bright threads with no delustrant added. The 

polyester had a 70-34 denier-filament structure. 


| 


3. Apparatus and Experimental Procedure 


The experimental work consisted of (1) measuring 

rates of volatilization of the polymer in vacuum, and 

| (2) identification of the various products of decompo- 
sition with the use of a mass spectrometer. 

The apparatus and experimental procedure used in 
determining the rates of thermal degradation have 
been deseribed previously [8, 9]. In brief, a 5- to 
6-mg sample is placed in a glass crucible and sus- 
pended from a tungsten helical spring balance. It 
was determined that a Pyrex glass crucible gave a 
more accurate temperature measurement than a 
platinum crucible when the sample did not melt and 
flow freely on decomposition. This sample and 
weighing mechanism is enclosed in a Pyrex housing 
that could be evacuated to better than 107° mm of 
Hg. <A preheated electric furnace is then placed in 
position around the glass portion containing the 
| crucible in suspension. The furnace is controlled by 
| means of an electronic thermostat which is able to 
| 
| 


hold the temperature constant to about +0.2° C, 

There is a crossline on the tungsten spring that is 
observed during pyrolysis, and weight losses could be 
recorded at various time intervals. These data are 
then plotted as rate of volatilization in percent of 
original sample per minute versus percent volatilized. 
in 


| 
| 
| 
| 


| These curves exhibited very definite maxima 
most cases. Activation energies were calculated 


| from these maxima at 3 or 4 different temperatures. 
The apparatus used to collect decomposition 
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products in the pyrolysis study is also described 
fully in a previous paper [460]. In brief, a 20 to 
40-mg sample is placed in a small Pyrex tube en- 
in a larger glass housing. The system is 
and pre cheated at about 110° C to remove 
gases and moisture. A tube furnace, 
preheated to the temperature of pyrolysis, is placed 
in position around the sample. Approximately 5 
min are required for the sample to reach the tem- 
perature of pyrolysis and then the sample is heated 
for 30 min at 400° C. The heater is then removed 
from around the sample. During pyrolysis, some 
of the volatiles are condensed with liquid nitrogen. 

There are four fractions collected: 

(1) Residue, left in the small 
brown crust. 

(2) Waz-like fraction, volatile at the temperature 
of pyrolysis but not at room temperature. This tan 
deposit collects immediately outside of the heater in 
the apparatus. It is soluble in warm ethanol. 

(3) “Condensed” fraction, volatile at room tem- 
perature. Collected by means of liquid nitrogen 
and sealed for mass spectrometer analysis. 

The weights of fractions 1, 2, and 3 are measured 
directly on a semimicro balance. 

(4) Gas fraction, volatile gases not condensable at 
liquid nitrogen temperature. Collected in a 
sample holder, and also analyzed in the mass spectrom- 
eter. The weight of this fraction is calculated from 
the volume, pressure, and composition of the gas. 


4. Results 


The rate data obtained in the volatilization 
nylon samples 4406, 4408, and 4409 are shown in 
figures 1, 2, and 3. They all show maxima at about 
30- to 40-percent volatilization. The temperatures 
in all three cases were at 310°, 315°, and 320° C 
For nylon samples 4406 and 4408, the maxima in the 
curves are not too far apart for the three tempera- 
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Ficure 2. Rate of volatilization versus percent volatili zed j 
nylon 66-6, sample 4408, 


, 310° C; 2, 315° C; and &, 32" C 


For nylon sample 4409, the rates at the maxima ap 
further apart. 

In figures 4 and 5, the rate of volatilization daty 
were obtained on different molecular weights of the} 
nylon-6 sample. The temperatures in all cases ay 
higher than that used for the previous nylon copoly. 


mers. The lowest temperature is 340° C and th 
highest 380° C. Both figures show similar maxima 
curves, and the maximum volatilization rates 


are 
between 20 and 40 percent. J 
Finally, in figure 6, rate curves have been plotted) 
Dacron, a polyester of terephthalic acid and 
‘thylene glycol. Four curves at temperatures 350°! 
355 , 365°, and 370° C are shown; these have maxima| 
somewhat different from the caprolactams with the! 
maxima occurring at under 20-percent volatilization 
In order to determine the effect of catalysts on th 
volatilization rate, several catalysts that are con- 
monly used for the polymerization of polyamide 
were added to the 60,000 molecular weight sample : 
of the nylon-6 polymer. The effect of surface area on 
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> ° rT’ 
degradation was also studied. The results are 


shown in the curves in figure 7. 
Curve A is the normal curve for this polymer at 
345° C. To obtain curve B, double the amount of | 


sample, 10 mg instead of 5 mg, was used. The 
small white crystals formed a somewhat thicker | 


layer, but when the crystals began to degrade they 
flattened out to some extent. The crystals did not 
actually melt but rather flowed slightly. In using 
double the amount of sample, the rate of volatiliza- 
tion is slower at the beginning, but at about 25- 
percent volatilization, the two curves become one. | 
This would indicate some surface effect. 

Curve C indicates the result obtained on a thicker 
sample. A nylon sample was dissolved in a 90- 
percent formic acid solution, a portion transferred to 
a weighing bottle, and the viscous solution evacuated 
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Figure 5. Rate of volatilization versus percent volatilized for 
nylon—6, 60,000 molecular weight. 
D, 340° C; O, 345° C; X, 355° C; and A, 380° C 
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FiGuRE 6. 
, 350° C; 


for several hours. A small portion was then placed 
in a pyrolysis apparatus and heated to 110° C for 
1 hr in a vacuum of about 107-5 to 107° mm of Hg. 
The heating was continued until constant weight 
was obtained. The resulting particle mass, free of 
the formic acid, was approximately 2-mm thick and 
about 3 to4 mmin length. The original sample used 
in a rate experiment consisted of approximately 25 
to 30 crystals, each piece covering a smaller area and 
less than one-half as thick as the sample used to 
obtain curve C. As indicated from curve C, the 
maximum rate of thermal decomposition of the 
thicker particle mass was reduced by about one-half. 

The addition of 5 percent of H,SO, prior to 
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Effect of trace substances on pyrolysis of nylon-6, 
60,000 molecular weight. 
Temperature—345° C, 
A-CO, Original sample; B-@, double amount of sample; C-@, single thick 
specimen, specially prepared; D-@, plus 5.0% H2SO4; E-O, plus 1.0% 1,5-diam- 
jnoanthraquinone; F-@, plus 1.0% H3P O4; temperature=325° C. 
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pyrolysis had a considerable effect on the rate of 
volatilization of the nylon-6 sample at first, as can be 
seen in curve D. About 3 or 4 drops of dilute H,SO, 
solution was added to a weighed amount of sample, 
enough to cover it completely; no more than 5 mg 
are used in rate determinations. The water was 
evaporated by heating gently in an oven to constant 
weight. After the furnace is placed in position 
around the sample, about 15 percent of the sample 
volatilizes during the 15 min that it takes for the 
sample to reach the temperature of the furnace. In 


other words, the degradation proceeds rapidly, even 
prior to attaining the 345° C temperature level. 
Curve F shows the effect of the addition of 1 per- 


cent of orthophosphoric acid to the nylon before 
pyrolyzing at 325° C. As in the previous case, a 
few drops of acid solution were +e to the polymer, 
which was then dried. At 325° C the maximum rate 
would have been about 0.125 in the absence of the 
acid. Thus, the presence of the acid increases the 
maximum rate by a factor of three. 

To determine whether traces of acid catalysts 
used in the preparation of the polymer were also 
catalyzing its thermal decomposition, the original 
sample was leeched out. This wes accomplished by 
soaking a small amount of nylon-6 sample in distilled 
H,O for 5 days. The water was then decanted and 
fresh water added for 5 more days. At the end of this 
period, the water was removed and the sample pre- 
heated to 120° to 130° C for 2 hr in a vacuum of 
about 10-° mm of Hg to constant weight. 

The dried sample was treated in a rate experiment 
at 355° C, similar to the previous experiment at the 
same temperature. The maximum rate was reduced 
byga little more than one-half in the experiment. 
Apparently the leeching-out process with water is 
effective in increasing the thermal stability. 

Finally, in curve E, we see the effect of the addition 
of 1 percent of 1,5-diaminoanthraquinone, an in- 
hibitor, to the sample prior to pyrolysis. This, too, 
was added in the form of a water solution until the 
additive was well dispersed throughout the sample. 
The rate of volatilization of the nylon is slowed from 
0.5 percent per minute at its maximum to about 
0.35 percent per minute at 345° C, which is about a 
6° C decrease for equivalent volatilization rate. 

Prior to the decomposition of the nylons to obtain 
the volatile products, each of the various samples 
were preheated to 110 for 1 hr in a vacuum of 
better than 107° mm of He. They each lost a small 
amount of volatile matter which was most probably 
H.O. The losses were in the order of the following 
percentages: Nylon sample 4406 } percent; sam- 
ple 4408—2.5 percent; sample 4409—2.2 percent; 


nylon-6 (60,000 mol wt)—-1.3. percent; nvlon-6 
(30,000 mol wt)—0.6 percent; and polypyrroli- 
done—4.8 percent. These percentages were sub- 


tracted from the weights of the original samples prior 


to calculations, both in the rate work and in the 
collection of the decomposition products. (Poly- 
pyrrolidone is a nylon-4 sample of low molecular 
weight having the following repeating unit [—-NH- 


(CH,),CO—}.) 
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The mass spectrometer analysis of the fraction 
volatile at room temperature is shown in table 1 
in mole percent. The amount of this fraction jy 
percent of total pyrolyzed part is generally small for 
nvlon breakdown and is shown on the bottom line, 
The analyses of the degradation products of nylon 
samples 4407 and 4409, shown in the first two col- 
umns, were determined about 5 vr ago at the Bureau 
in a somewhat similar pyrolysis apparatus {3}, 
Nylon sample 4407 is the same as the 4408 sample 
used in the present work for rate determinations. 
The compositions were the same; only the thie ‘kness 
of the samples was slightly different. This would 
ake no difference in product determinations. 

Previously [3] the water obtained in the mass 
spectrometer analy sis was excluded from the volatile 
products. Water is unlikely as a product of the 
thermal decomposition unless hydroperoxides have 
been formed in the material; however, it is concluded 
in this work that it is very tightly adsorbed by nylons. 
Consequently, the previous data 3] have been 
recalculated to include water since it appears to have 
a signific ant effect on the rate of decomposition. 

In nylon sample 4407 the major breakdown 
products in the fraction volatile at room temperature 
are CO, and H,O in approximately equal amounts. 
The other constituents are small amounts of hydro- 
carbons, saturated, unsaturated, and cyclic com- 
pounds. Somewhat outstanding is the \ ield of cyclo- 
pentanone as compared to the other hydrocarbons, 
This is most probably a breakdown product of the 
adipic acid constituent. Hopff [11] also detected 
eyclopentanone on nylon decomposition. 


TABLE 1 Vass spectrometer analysis of fractions volatile at 


room lem pe rature 


. mol 
Nvion-4 


80.000 60.000 


Vole 
CoO 43.7 92. 3 48 0.4 (4.3 
H,O 17.8 ; 5.4 35.6 16.3 
Ethvlene 4 ot 0.4 0 

Ethane ; 2 

Pr pad ore l 


Propylene i 

Propane 2 

Butadiene 2 i 
Butene 2 2 t 
Butane 


hw ; 2 
(ve operntene 
Cyclopentadiense 
Cyclopentano! 
Pentadiene 0.1 0.2 


Pentene 2 
Pentane 
Benzene 
Cyclohexen 


Hexadiens 4 ‘) r ' 


Hevxene i 2 
Hexame l 
Poluen l 
Dimethyl benzene l 
Heptadiene I - 


LOO. 0 wo 


‘action 
ible l. 
ion in 
all for 
Dn line, 
nylon 
0 col- 
sureau 
s [3}. 
ample 
Lions. 
‘kness 
would 


Mass 
dlatile 
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vlons, 
been 
have 
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‘ature 
uNnts. 
vdro- 
com- 
‘yclo- 
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Nylon sample 4409 has considerably less H,O in 
this fraction and more CQO,. The vield of evclopen- 
‘anone is also lower than in sample 4407. The 
former has the sebacic acid salt as part of its makeup 
in addition to the adipic acid salt, and this would 
certainly have the effect of decreasing cyclopentanone 
formation. The different amounts of water found 
in the 4407 and 4409 samples may be related to the 
lower peptide-link content of the 4409 material 
compared to the 4407. 

Columns 3 and 4 indicate the mass spectra pat- 
terns of the two caprolactams of different molecular 
weight. The breakdown of the light volatile frae- 
tions are quite similar, mostly yielding CO, and 
HO. The high benzene figure in the 30,000-mole- 
cular weight nylon is most probably background in 
the mass spectrometer. The \ ield of monomer frac- 
tion for the nylon-4 sample is quite small, only 1 to 
2 percent of the total volatilized part. 
and CO, findings are actually very small. 

The gas sample collected showed small amounts 
of H,, CBy, and CO. It was calculated that this 
fraction was than 0.1 percent of the total 
volatilized part. 


less 


The H,0 | 


| 


The heavier volatiles, which comprised approxi- | 


mately 95 percent of the total volatiles, were weighed 
after recovery from a warm ethanol solution. No 
attempt was made to analyze this waxlike fraction. 

The products of decomposition were determined 
by mass spectrometry by another technique [12]. 
Small samples of nylons 4406, 4408, and 4409 were 
placed in a tube furnace and the degradation prod- 
ucts evaporated directly into the ionization chamber 
of a Nier-tvpe mass spectrometer. The samples be- 
gan to degrade at about 240° C with the evolution 
Degradation was complete at 400° C, 

Mass spectra were obtained from mass 28 to 452 
in nylon sample 4406 and from 28 to 360, in nylons 
4408 and 4409. The mass spectra were complicated 
with no recurring patterns. There were indications 
of evclopentanone formation and also alkyl amines. 
The hexamethylenediamine-adipic acid salt has a 
molecular weight of 226, and this may explain a rela- 
tively large observed peak at 226. The molecular 
weight of the caprolactam is 113, and this also gave 
a relatively large peak. The 452 peak in nylon 
4406 may be the dimer of the adipie acid salt. 
Quantitative data could not be accurately obtained 
for the actual amounts of the various molecules. In 
general, the pyrolysis products were of relatively low 
mass containing one basic unit or less. This is rather 
small compared with other polymers [13] such as 
polymethylene, polypropylene, polvisobutylene, ete., 
which have average molecular weights over 500 in 
the heavy waxlike fraction. 


of gases. 


5. Discussion 


On the basis of the rate curves and the product 
analysis, a random or nearly random type of break- 
down is indicated for the nylon decomposition. 
There are really no outstanding individual volatile 
compounds with the possible exception of CO,, but 
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ina effect of critical size for evaporation, L, on rate of volatili- 
zation [14]. 


Arrows indicate initial rates. 


as the polymer decomposes, a large number of 
different compounds are produced. 

A set of typical theoretical curves for a decom- 
position in which scissions can occur with equal 
probability at any link in the chain is shown in 
figure & [14]. These curves show the effect of size 
of the volatilizing fragments on the rate of volatili- 
zation, L being the number of basic units in the 
smallest chain that does not evaporate without de- 
gradation. Thus, Z-1 is the D. P. of the largest 
fragment that can vaporize without further decom- 
position. In these curves, the maximum occurs at 
about 26-percent conversion, at which point dC/dt~ 
Lk/e, where k is the over-all rate constant for the 
random decomposition, and e is the base of the 
natural logarithms, 2.7. The rate at zero time, 1. e., 
the intercept at zero conversion in figure 8, is given 
by dC/dt~L’*k/N. These relationships hold only 
when the initial degree of polymerization, N, is much 
larger than L. This condition is always fulfilled by 
the materials herein discussed. The curves in 
figure 8 show that the maximum rates are the more 
dependable quantities to use for the estimation of 
the rate constants because experimental initial rates 
would require very precise measurement at less than 
l-percent conversion to be of any significance. Un- 
fortunately, quantitative utilization of the maxi- 
mum values also requires a determination of L. 
Nevertheless, an Arrhenius plot of the maximum 
rates should give dependable values for the activa- 
tion energy. 

The activation energies for the polymers studied 
are listed in table 2. The most striking aspect of 
the data is the large variation in the energies for 
the nylons. The iow value of 14 keal may be at 
least partially due to the low molecular weight of 
the first two materials. If the vaporization, and 
not the decomposition, process is rate determining, 
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TABLE 2. Activation energies based on rates of decomposition 
Motecular Act tion Preexpo 
weight em ential 
Polymet factor 
! 1 
Nylon 4406 Low < 10, 000 14 6x10 
Nylon 4408 Low < 10, 000 14 6 «10 
Nylon 4400 13, 000 12 & «10 
N vion-6 40, 000 27 103 «10 
N vion-6 60. 000 4 Six 
Dacron ~ |i * 1x 1N8 
L=72 
Polymethylene (linear poly Lo His 1.4 x10 
ethylene 
then a value of 14 keal is reasonable for the activa 


tion energy, provided the volatilizing compounds 
have a molecular weight in the region of 200. Other 
factors such as the presence of some trace catalysts 
may, of course, be a contributing influence to the 
low activation energy. 

In figure 7, it is seen that various acids of the type 
often used in the preparation of polyamides and 
polvesters produce considerable effect on the rate 
of decomposition. It is also seen in table 1 that 
the amount of water found in the pyrolysis products 


is least for the material that gave the highest acti- 
vation energy. These observations suggest that 
the decomposition is complicated by an ionic mech- 


to the overall 
the amounts of 


anism, the contribution of which 
decomposition is dependent on 
trace catalysts, 1. e., acid and adsorbed water. 
Ionic mechanisms are fairly rare in degradation 
processes; however, they have been suggested by 
other workers in the case of polyvinyl ethers [15]. 
The effect of the diaminoanthraquinone suggests 
free-radical intermediates. Evaporation or dehy- 
dration of both the catalysts and traces of water, 
as well as the inhibitor, at the pyrolytic temperature 
may explain the smallness of the observed effects. 
At these temperatures it would be expected that 
free-radical mechanisms are most important. It 
of importance and somewhat surprising that 
lingering traces of moisture and acid appear to have 
pronounced effects, presumably by inducing, to a 
relatively small degree, ionic processes in the over- 
all decomposition mechanism. 

In general, the nylon materials showed a some 
what erratic behavior. From the data so far ob- 
tained (see table 2) the highest value of the activa- 
tion energies, 42 keal, is considered to be most rep- 
resentative for a free-radical mechanism of thermal 
decom position. 

The value of 38 keal for the one sample of Dacron 
studied is seen to be quite close to the higher nylon 
values.. Comparison with the result for polye ‘thylene 
shows that the peptide and the ester linkage in- 
troduce, at least in the structures studied, a very 
large degree of thermal instability. 

The free-radical chain mechanism for the de- 
composition of polyethylene [5] is most likely of the 
following type: 


—CH,—CH, 


Is 


CH,—CH,——2—CH.CH.,,. 


(Initiation) 
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—CH,—CH,-+—CH,—CH,—CH,—CH,—_, 
—CH,CH,+—CH = CH,+—CH.CH,,. 
(Transfer) 
2—CH.CH.,.- CH, +—CH,CH, 


(Termination) 
The step: 


—CH,CH,CH,CH,-—+—CH,CH,- + CH, =CH, 


(Propagation) 


in polvethyvle ‘ne does not compete favorably with the 
transfer, k, | Thus, the ky step, whic ‘h is a com- 
posite of two elementary processes combined for the 
purpose of mathematical treatment [14, 16] of 
polymer decomposition, is the principal chain-carry- 
ing process. It would probably be more correct and 
descriptive to call this step, “propagation by trans- 
fer.’ The over-all constant for random decomposi- 
tion by the above mechanisms ts given by: 


(L/h) 


5 |. 


k—k,+kh,R=k,R=k 
where 7? is the total radical concentration and J is the 
rate of initiation of active centers. The term ] 
includes k,, a concentration term, and _ statistical 
factors depending on the exact mode of initiation. 
A considerable amount of further research would be 
required to determine the exact mode of initiation for 
the polymers discussed here. However, considera- 
tion of the structures shown below 


Polyamides (nylon) 
Oo 
H H* H* 
—C C—C N C— 
H H* H* 
H* 
Polye ster (Dacron) 
0 Oo 
— ( H* H* ( —~ 
) C— 8) 
H* H* 


suggests that initiation by homolytic scission at the 
linkages indicated by the vertical dashed lines is 
more probable than at a carbon-carbon bond i 


polvethylene. ome C—N bond is known to be 
aie rthanaC ‘bond, the strength of the former 


being about 66 ke we whereas the latter is about 80 


keal, depending, of course, on the structure in which | 
N bond alpha to the ¢ ‘carbonyl | 


it is located. The ¢ 
is certainly stronger than that beta to the carbonyl. 
Hydrolytic scission of the peptide links, which our 
experiments indicate, would account for both the 
amines re ported in the pyrolysis of polyamides (1, 2] 
and the CO, found by all workers in the field, 
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groups produced by hydrolytic scission. 
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The starred hydrogen atoms are more likely to be 
abstracted by a radical and hence facilitate transfer 
in polymers with the above structures, again com- 
jared to a linear paraffin material. 
the pyrolyses, in general, support the above hypoth- 
oses, although the products listed in table 1 certainly 
iggest also that decomposition does not proceed 
exclusively at the points depicted in the structures 
by a free-radical mechanism. 

‘In polyethylene, approximately 98 percent of the 
products of pyrolysis was in the form of a high- 
boiling wax with an average molecular weight near 
-0. In the polyamides, about 90 to 95 percent of 
the products was nonvolatile, but of much lower 
average molecular weight. Mass spectrometer 
studies of polyamide pyrolysis indicate that maxi- 
mum size of the fragment is about 400 mass units. 
A rough estimate of the critical size for evaporation, 
[. is then about 5 caprolactam units. In table 2, 
preexponential factors are given. Notwithstanding 
the difference in L values between the polyethylene 
and other materials, it is seen that these values are 
hardly constant for the polyamides and are very 
much lower. 

No such bebavior has been found in_ pyrolysis 
studies of addition polymers. The low and fluctu- 
ating values suggest the presence of a concentration 
factor, probably of water or acid, in the preexpo- 
nential factors. With L=—5, the rate constants for 
the nvlons and Dacron refer to the apparent break- 
ing of peptide or polyester bonds, while with L 
the constant for polvethylene refers to the breaking 
of any C—C bond in the chain. 


(2, 


6. Conclusions 


The pyrolysis of polyamides shows a behavior 
incompatible with a pure free-radical mechanism. 
Itseems evident that even at the pyrolytic tempera- 
tures of 300° to 400° C and with prior exhaustive 
drymg at 100° to 130° C in a vacuum, enough water 
remains to provide a complicating effect in the de- 
composition reaction. The hypothesis that traces 
of water and polymerization catalysts influence the 
pyrolysis provides the simplest explanation of the 
more puzzling aspects of polyamide decomposition, 
including the production of appreciable quantities 
of COs. 

In the case of the 60,000 molecular weight nylon-6 


| material (see table 1), the amount of CO, produced 


out 80 


1. which 


irbonyl | 
! 
rbonyl. 


ich our 
th the 
s [1, 2] 


ld, the . 


1e acid : 


would imply the hydrolytic scission of 15 percent of 


the original peptide bonds. This implies the presence 
_ of about 2 percent of water at the pyrolysis tempera- 


| ture, presumably tightly bound to the peptide group, 


The products of | and that the decompositions studied here were about 


half hydrolytic and half free radical. 

It is also clear that the over-all process for nylon 
is typical of a random decomposition of linear chains 
similar to that for linear polyethylene. The Dacron 
rate behavior, however, does not exhibit as decisive 
a result. 

The activation energies for nylon and Dacron are 
probably considerably lower than those to be ex- 
pected if the suggested hydrolytic process was com- 
pletely suppressed or eliminated. In any case, the 
activation energies would be unlikely to approach 
that for polyethylene. 


The authors express their appreciation to F. L. 
Mohler and Paul Bradt, Mass Spectrometry Section, 
National Bureau of Standards, for making available 
their results on nylon decomposition in the mass 
spectrometer; to A. J. Sweet of the National Aniline 
Division, Allied Chemical and Dye Corp., Hope- 
well, Va., for samples of nylon-6; and to George B. 
Walker of Arthur D. Little, Ine., for the nylon-4 


sample. 
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{ 
_ Some Thermodynamic Properties of the Systems 
Polybutadiene-Benzene and Polyisobutene-Benzene" 
R. S. Jessup 
/ 
I:xperimental data are reported on densities at 26.9° C of solutions of polyisobutene in 

benzene covering the composition range from 0 to 10 percent by weight of polyisobutene, 

ind on relative vapor pressures of solutions of polybutadiene and of polyisobutene in benzene 

covering the range from 0 to 50 percent of benzene. Values of apparent specific volume 

of polyisobutene in benzene were calculated from the densities of solvent and solutions. 

The results of the vapor pressure measurements were compared with the Flory-Huggins 

equation Phe deviations from this equation for the polysiobutene-benzene system are much 
greater than for the polybutadiene-benzene system. The following equations represent the 
f activities of the solvent for the polybutadiene-benzene and polysiobutene-benzene systems, 

respectively 

In ay=In v,-+ v_4+-0.2703+- 0.0603, 
' 1° ‘ 3 12 
In a,;=In ne ( 1—— )o 2+ 0. 50v? 0.38803 0.18413’, 
m 

' . . ° ° . 
where a; represents activity of the solvent, v; and v2 are volume fractions of solvent and poly- 
} mer, respectively, and m is the ratio of molal volumes of polymer and solvent. 


1. Introduction 


Accurate measurements of thermodynamic proper- 

ties of polymer solutions are of interest in connection 

| with attempts to interpret the properties of such solu- 

} tions in terms of statistical-mechanical treatments of 

yarious models. The present paper presents results 

' of measurements of vapor pressures in the system 

polybutadiene-benzene, and of vapor pressures and 

solution densities in the system polvisobutene- 

benzene. Both polybutadiene and polyisobutene are 

of importance as constituents of svnthetic rubbers. 

Polyisobutene should be of particular interest in 

connection with theoretical investigations of polymer 

» solutions of the relative simplicity of the 
structure of the polyisobutene molecule. 


because 


2. Materials 
2.1. Polybutadiene 


The sample of polybutadiene used has been de- 
scribed in a previous paper [1],! where it was desig- 
nated as sample B. It was prepared by emulsion 
polymerization at 5° C, using a commercial tert- 
dodecy| mercaptan as the ‘ ‘modifier.’ ’ It was puri- 
fied in the Rubber Section of the Bureau by re- 
peatedly dissolving it in benzene and then _precipi- 
tating it by pouring the solution into methyl alcohol 
while stirring. After purification in this manner, the 
sample was again dissolved in benzene, a small 
amount (0.14 percent by weight of polymer) of 
phenyvl-beta-naphthylamine was added as an anti- 
oxidant, the mixture was frozen, and the benzene 
removed by sublimation in vacuum to yield a product 


me. he work des sé pribed in this paper was done as part of a research project spon- 
ed by the National Scier nee Foundation, Polymer Research Group, in connec- 

tho with the Government’ s synthetic rubber program 
' Figures in brackets indicate the literature references at the end of this paper 


similar foam rubber in appearance. The proce- 
dure described above removed soap, fatty acid, and 
stabilizer, well as some of the low-molecular- 
weight polymer. After the measurements described 
in reference [1] the purified sample was kept in a 
refrigerator in an inert atmosphere. 

In the present work, in order to remove traces of 
benzene and air, the sample was evacuated at room 
temperature to a pressure of less than 10~* mm of 
mercury for about a month. It was found, however, 
that this did not completely remove either dissolved 
air (or other permanent gas) or benzene from the 
polymer. Permanent gases were reduced to a negli- 
gible amount by repeatedly adding benzene to the 
polymer and then pumping it off. Benzene was re- 
duced to a negligible amount by evacuating to a 
pressure of less than 10~* mm of mercury and heating 
to about 95° C. During this process most of the 
phenyl-beta-naphthylamine sublimed from the 
sample. 


as 


2.2. Polyisobutene 


The polvisobutene sample was obtained by frac- 
tional precipitation? from solution of a low-molecu- 
lar-weight commercial polyisobutene (Vistanex). 
The fraction used in the measurements had a vis- 
cosity-average molecular weight® of 76,000. This 
material was used without further purification except 
for removal of permanent gas and solvent. Perma- 
nent gas was removed by repeated addition of 
benzene to the polymer followed by removal of the 
benzene by evacuation. The final step in removal 
of benzene consisted in prolonged evacuation to a 
pressure of less than 10-* mm of mercury while the 
temperature was gradually raised to about 140° C. 


2 The fractionation of the polymer was done in the Polymer Structure Section 
of the Bureau. 

3 The molecular weight was determined by Miss H, V. 
Section of the Bureau 


Belcher of the Rheology 








Heating and evacuation were continued until the 
rate of removal of benzene was reduced to a few 
micrograms per day. 


2.3. Benzene 


Reagent grade benzene was purified by slow frac- 
tional freezing by a method described elsewhere [2], 
in which freezing proceeded upward along the length 
of a vertical tube contaming the benzene while the 
liquid phase was stirred. This process was repeated 
twice, about 25 percent of the material being rejected 
ach time. The resulting purified material had a 
density at 25° C of 0.87334 g/em*, as compared with 
the value 0.87368 g/cm* reported in the literature 
[3a]. This material was used without further puri- 
fication for measurements of densities of solutions. 
It seems very improbable that the purity of the 
solvent has any appreciable effect on the values of 
apparent specific volume of solute derived from 
measurements of densities of solvent and solution. 

For use in vapor-pressure measurements a portion 
of the benzene was transferred by vacuum distillation 
into a glass supply contamer which had been previ- 
ously heated to 150° to 200° C while being evacuated 
to about 107° mm of mercury. Before entering the 
supply container the vapor passed through a drying 
tube containing magnesium perchlorate followed by 
phosphoric anhydride. The benzene in the supply 
container was then frozen in liquid air several times 
and evacuated to a pressure of about 107° mm of 
mercury, after which the sample was heated to room 
temperature and about 10 percent of the benzene 
was removed by evacuation. A fraction of the 
remaining benzene was then transferred by distilla- 


tion to the previously evacuated vapor-pressure 
apparatus, and finally about 10 percent of the 
benzene in the vapor-pressure apparatus was re- 


The measured \ upor pressure 


‘ 


moved by evacuation. 
of the benzene so treated, in the liquid state at 0° ¢ 
agreed within 0.01 or 0.02 mm of mercury with an 
equation for the vapor pressure of the liquid based 
on the best available data [5b]. 


3. Apparatus and Methods 


3.1. Density Measurements 


The apparatus and methods used have been 
described previously [4], and only a brief description 
will be given here. Densities were measured with 
two bicapillary Pyrex pycnometers which were used 
previously [4], and which are of the type described 
by Heller and Thompson [5]. The capacity of each 
pycnometer was approximately 22 em*, and the di- 
ameter of the capillaries about 1 mm. The mass of 
solution in each pycnometer was determined by weigh- 
ing on a semimicro balance on which readings could 
be repeated to about 0.02 mg. The volume of the 
solution in a pycnometer was determined by observ- 
ing the positions of the menisci relative to those of rei- 
erence marks on the capillaries to about 0.01 mm by 
means of a Wild cathetometer, while the pycnometer 
was immersed in a water bath whose temperature 
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was maintained constant to about +0.002° OC, The 
observations were made through a plate glass window 
which formed one wall of the bath. Temperature 
was measured to 0.001° C by means of a platinum 
resistance thermometer and a Mueller bridge. 
pycnometers were calibrated by weighing when 
empty and when filled with distilled water at temper. 
atures near 27° C. All weights were corrected for 
air buoyancy, and for the masses of air and Vapor 
above the liquid menisci in the capillaries. 

In the previous work [4] the pycnometers were 
closed by glass caps fitted to the tops of the capillaries 
by standard-taper ground-glass joints. These could 
not be made to fit well enough to prevent loss of g 
small amount of solvent by evaporation. Also 
because when the pycnometers were immersed in the 
water bath the caps projected out into the atmos- 
phere which was at a lower temperature than the 
bath, it was suspected that some of the solvent ip 
the capillaries might evaporate and condense in the 
caps. In the present work the glass caps were 
replaced by metal caps of the type shown in figure l, 
in which ih Monel metal cone 1s held by 2 brass nut 
against a brass sleeve, which in turn is soft-soldered 
to the top of the Pyrex capillary. This type of cap 
can be closed tightly enough to prevent any loss of 
solvent. It was found that when the pyenometers 
were weighed with the caps not tightened, subsequent 
tightening of one of the caps caused no appreciable 
change in weight. If a cap had once been tightened, 
then the subsequent removal of the nut apparently 
reroved enough metal by abrasion 1o cause an 
appreciable change in weight. The procedure in 
filling the pyenometers and tightening the caps was 


such as to avoid such changes in weight. The 
pycnometers were first weighed empty with the 


nuts loosely in place. They were then filled with 
solution in the manner described previously [4] and 
placed in the thermoregulated bath with the nuts 
loosely in place and with the lower part of the Caps, 
i. e., the brass sleeves, in contact with the water in the 























bath. After allowing sufficient time for the attain- 
Af, Y 
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— PYREX CAPILLARY 
Figure 1. Schematic drawing of metal cap for pyenometer. 
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nt of thermal equilibrium the caps were tightened 

the pycnometers were removed from the bath, 
cleaned, placed in the balance case, and weighed after 
allowing sufficient time for the attainment of tem- 
ature equilibrium. : 

The pycnometers were first weighed against a tare 

asimilar empty pycnometer) and then against each 
other. With the pyenometers empty the directly 
measured difference in weight (corrected for air 
hyovancy) usually checked the difference in_ the 
weights against the tare within 0.02 mg. With the 
wenometers filled the check was not always this 
wod, but was usually within 0.05 mg or less. 
* After the filled pycnometers were weighed they 
were upmersed in the water bath to a point a little 
below the lower part of the metal cap. The caps 
themselves were heated to a temperature above 
that of the bath by means of electric heaters to 
insure against condensation of solvent in the caps. 
After sufficient time had elapsed to permit the system 
to come to temperature equilibrium, the heaters 
were removed and the pycnometers were lowered 
so as to be completely immersed inthe water. After 
this a number of observations were made of the posi- 
tions of the menisci in the capillaries relative to 
the reference marks etched on them. 

Measurements of the heights of the menisci 
were facilitated by placing behind the capillaries a 
white Bakelite sheet with black lines about 0.3-mm 
wide drawn on its surface at an angle of 45° with 
the horizontal. This device has been described by 
Jeleny [6]. The menisci are sharply outlined by 
the apparent intersections of the black lines with 
their reflections in the surface of the liquid. 
Measurements of the density of the sample of 
polyisobutene used were made to a_ precision of 
about 0.1 percent by the method of hydrostatic 


weighing. 


me 
and 


3.2. Vapor-Pressure Measurements 


Vapor pressures were determined from measure 
ments of the difference between the vapor pressure 
of the purified benzene and the pressures over a 
weighed sample of polymer to which measured 
quantities of benzene had been added. The ap- 
paratus used is shown schematically in figure 2 (a). 
By means of the valve C, benzene could be trans- 
fered by distillation from the buret B to the polymer 
inthe tube H. The amount of benzene so trans- 
ferred was determined from the change in position 
of the benzene meniscus in the buret and the change 
n position of the mercury meniscus in the left arm 
of the manometer M, the diameter of which was 
known. In determining the mass of benzene 
transferred, great care was taken to insure that no 
iquid benzene was present in the left arm of the 
manometer or in the connecting tubing when the 
buret was being read. From the total amount of 
benzene transferred was subtracted the amount of 
vapor in the known volumes in the tube H, the right 
im of the manometer, and the connecting tubing 
to obtain the benzene content of the polymer- 
wlvent mixture. Benzene could also be transferred 


| 
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FicurRE 2. Schematic diagram of vapor-pressure apparatus. 


a) Assembled apparatus; (b) apparatus for introducing polybutadiene sample; 
¢) bulb for polyisobutene solutions, 


from the polymer-solvent mixture to the buret B 
(fig. 2 (a)) by cooling the latter in liquid air and 
opening the valve C. Measurements of vapor 
pressure could thus be made both after increasing 
the benzene content of the mixture and after decreas- 
ing it. 

The method of introducing the polybutadiene, 
mercury, and benzene into the apparatus will now be 
described. The tube H was initially open at one end, 
as shown in figure 2 (b), and was sealed at the other 
end to the smaller tube which contained a break-off 
point in the T-joint at E. The tube H was weighed 
empty, and again after introducing the desired 
amount of polybutadiene (about 1.0 g). The bulb F 
was inserted in H, which was then drawn down at the 
point K and sealed to a smaller tube which, in turn- 
was joined to the brass union L by means of a glass- 
to metal soldered joint. The brass needle valve N 
was attached to the union and to a similar union 
leading to a vacuum system. After removal of air 
and benzene from the polymer sample as described 
in section 2.1, the valve N and union L were removed 
by sealing off the small tube connecting them to H. 

To introduce mercury into the manometer, it was 
rotated 90° clockwise from the position shown in 
figure 2 (a) and a small flask containing the desired 
amount of mercury was sealed on in place of the tube 
H. The system was then evacuated, the valve A was 
closed and disconnected from the vacuum system, 
and the manometer was rotated so as to allow the 
mercury to flow into it. With the valve C open, air 
was then admitted slowly through the valve A, and 
the flask that had contained the mercury was 
disconnected from the manometer. 

The tube H was then sealed to the manometer and 
to the breakoff device P (fig. 2 (b)). This consisted 
of a brass stuffing box connected to a short piece of 
glass tubing by a glass-to-metal soldered joint, and 
having a Teflon packing through which passed a 
heavy phosphor bronze wire. The system was then 








evacuated through the valve A and a valve Q (not 
shown in figure) which was attached to the vacuum 
system. The connection to the vacuum system was 
sufficiently flexible so that the manometer could be 
tilted to liberate any air bubbles that might have 
been trapped below the mercury surfaces during the 
glassblowing operations. Then, with the manometer 
still connected to the vacuum system but with the 
vacuum pump shut off, the tube H was opened to the 
manometer by sliding the phosphor bronze wire 
through the stuffing box P so as to break off the class 
point at E, and the breakoff device was removed by 
sealing off a short distance to the right of E. After 
this, a measurement of the pressure in the vacuum 
system always gave less than 107' mm of mercury, 
showing that no appreciable amount of air had 
leaked into the system. 

The buret B was then immersed in an ice bath. 
The valve C and the valve Q (not shown in fig. 2 
the vacuum system were closed, and the valve R 
(not shown) on a bulb containing a supply of purified 
benzene was opened, allowing the benzene to distill 
into the buret. The buret was initially filled to a 
point above the highest graduation mark, the valve 
R was closed, and the excess benzene was removed by 
pumping it into the vacuum svstem. The valve A 
was then closed. The buret was then immersed in 
an ice bath and measurements of the vapor pressure 
of the supercooled liquid benzene at 0° C were made. 

The temperature of the apparatus during measure- 
ments of the diflerence in pressure between solvent 
and polymer-solvent mixtures was controlled near 
26.9° C by the same water bath used in the density 
measurements. The heights of the two menisci in the 
manometer were measured to 0.01 mm by means of 
a Wild cathetometer, the menisci being sharply out- 
lined by the device of Zeleny [6] deseribed in section 
3.1. 

The apparatus and procedure for measurement of 
the vapor pressures of polvisobutene-benzene mix- 
tures differed from that described above only in that 
the sample bulb G (fig. 2 (c)) was used instead of H. 
In order to promote reasonably rapid attainment of 
equilibrium in the polymer-solvent mixture, the 
polymer was spread in layers approximately 0.2 mm 
thick on brass disks spaced about l-mm apart in the 
tube G, the axis of which was kept vertical as shown 
in figure 2 (¢ 
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4. Results 
4.1. Densities of Polyisobutene Solutions 


The experimental values of density at 26.900° C 
and the corresponding values of apparent specific 
volume of polymer, M2, are given in table 1. The 
values of ¢ are also plotted as ordinate against mass 
fraction of polymer in figure 3. The values of @, 
were calculated from the measured densities by 
means of the equation 


: I [ p- P| 
d» i7~ , 
Pi W2p 


where p; and p are the densities of solvent and solu. 
tion, respectively, and wy, is the mass fraction of 
polymer. The mean of the two experimental vahyes 
of p; was used in this calculation. 

The values of D>» in the lower concentration range 
are much less reliable than those at the higher con. 
centrations, since, according to eq (1), the effect on 
the calculated value of ¢ of a given error in p (or », 
Is approximately inversely proportional to w 
Therefore the form of the curve cannot be determined 
accurately at the lower concentrations. and the curve 
in figure 3 is dotted in this region to emphasize this 
fact. The curve was drawn to fit the experimental 
points as well as possible and to have a horizontal 
tangent* at w 0). With one exception the pomts 
deviate from the curve as drawn by amounts corre- 
sponding to 5 ppm or less in density. It may be 
noted that if the value for the density of the solvent 


raBLe 1 Observed densities of poly sobutene-ben zene solutions 
at 26.900" and calculated values of apparent specific volume of 
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‘ This condition seems plausible from physical considerations, since in 1 suffi- 
ciently dilute solution the solute molecules are too far apart to interact 


ippreci ibly. 


50 


‘ 


oe 


ter 
rat 
mi 
tal 
act 


| solu- 
ion of 
Values 


range 
C con- 
Pct on 
OF p, 
) Wo, 
mined 
curve 
Le this 
nen tal 
Zon tal 
pots 
corre- 
uy be 
vent 


lutions 


] 
ime ot 





ne in 


1 a suffi- 
interact 


-~ 


— 


-_ 


were lower by 5 ppm the points representing the 
values Of ¢ would still show a slight downward 
trend with increasing wy, and could be approximately 
represented by a straight line going from 1.1084 at 
Oto 1.1076 at w. 0.10 
‘A decrease in @ with has been 
reported by Rosen [7] for polystyrene in eyelohexane, 
iluene, and chloroform The decrease in @ shown 
in figure 3 1s much smaller in magnitude than that 
reported by Rosen, but the trend extends over a 
reater range of concentration. Che density data 
a streeter and Bover S| also lead to a decrease in 
apparent specific volume of polystyrene in o-dichloro- 
benzene With increasing polymer concentration in 
the range #,—0 to 0.06. Horth and Rinfret [9] 
have reported discontinuities in curves of density 
versus polymer concentration for dilute solutions of 
polyvinyl acetate in chlorobenzene. These discon- 
tinuities correspond to increases in apparent specific 
volume with increasing polymer concentration. The 
data in reference |4| show no change in @) with 
composition of solutions of polystyrene in benzene, 
toluene, ethylbenzene, and 2-butanone in the com- 
position range w.—0.02 to 0.10. 
- From the curve of figure 3 and the value given in 
table 1 for the density of the polyisobutene sample, 
the change in volume when a 1-g sample of polymer is 
dissolved in benzene varies from —+-0.013 to 0.015 
em’, As shown previously [4], 2 change in volume 
pon mixing affects such thermodynamic properties 
as heat of mixing, free energy of mixing, ete. It has 
been calculated that the change in volume when a 1-g 
sample of polvisobutene is dissolved in a large amount 
of benzene will affect the heat of mixing by about 
2 calories. ¢@ varies with composition as 
shown in figure 3, the partial specific volume of 
vlvent will differ from the specific volume of the pure 
wlvent by about 2107° em*/g at w.=0.05. This 
change in volume will affect the partial molal heat 
of dilution by about 0.25 calorie per mole of 
benzene. These thermal effects resulting from volume 
changes are approximately equal in magnitude, but 
opposite in sign, to the values of heat of mixing and 
heat of dilution calculated by Hildebrand’s equation 
10), the derivation of which implies no change in 
volume on mixing. 
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4.2. Vapor Pressures 
a. Polybutadiene-Benzene 


The results of vapor-pressure measurements on the 
system polybutadiene-benzene are given in table 2 in 
terms of the activity a, of the solvent, defined as the 
ratio f, ff of the fugacity® of the solvent in the 
mixture to that in the pure solvent. Also given in 
table 2 are the values caleulated from the measured 
activities for the parameter » in the Flory-Huggins 
Ll] equation 


Ina, Inv, ( 1—— )p, ; ues, 


m 
-_- Cr 


‘Pressure ratios were converted t 
fee Was usually negligible 


» fugacity ratios in all cases, although differe 


| 
i 


51 


content of the mixture; 


where m is the ratio of the molar volume of solute 
to that of solvent, and 7, and r2 represent volume 


fractions of solvent and solute respectively. In this 
calculation the term 1/m was neglected. vom 


The results are also shown graphically in the lower 
curve of figure 4, where a, is plotted as ordinate 
against 7; as abscissa, and in figure 5, where the 
calculated values of the parameter y are plotted 
against 7. Not all of the experimental points are 
plotted in figure 4, since in this plot they would}lie 
so close together as to confuse the diagram. « In 
the 


TABLE 2. Results of measurements 


system polybutadiene-benzene 


vapor-pre ssure in 





Experi- Volume Observed 
ment fraction wtivity “ 
solvent, Pr of solvent, a; 
1* 0.0710 0. 2392 0. 3309 
2° 1290 3069 . 8324 
3° 2033 5558 329. 
i* 2052 6YS2 314; 
5 3731 . 7901 3140 
6* 4581 S622 . BOR, 
7 5362 9106 . BOS,» 
s 5307 . 9079 . 2008 
2] 4574 . S586 . 2062 
10 3722 . 7872 . 307 
11 2032 . 6941 3102 
12 251 . 5560 320 
13 1167 . 8620 31Se 
14 SS 1 . 9074 2s4 
15 4587 . 8586 292; 
It 5369 . 9068 . Rd 
17 1554 S567 204, 
1S 3704 . 7926 . 301 
19 2040) . 6948 . BOY. 
20 2051 . 5562 . B20¢ 
21 . 1256 310; 
22° 1144 $226 
23° . 1275 329 
24° . 2059 318; 
»5* 2940 3154 
26* 3792 7963 . BI 4g 
97° $548 S600 . 3106 
28* 5349 9103 . 8079 


*Experiments marked with an asterisk were made after increasing the benzene 
ill others were made after decreasing the benzene content, 
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Ficure 4. Activity of benzene in mixtures with polyisobutene 
(upper curve) and with polybutadiene (lower curve). 
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figure 5 the cireles represent measurements made 
after increasing the benzene content of the mixture, 
while the triangles represent measurements taken 
after decreasing the benzene content. The open and 
solid symbols represent two different ol 
measurements. 

After completing a preliminary series of measure- 
ments it was observed that when the benzene in the 
buret was frozen in liquid air, gas bubbles were 
liberated indicating the presence of permanent gas 
in the system. In view of the preliminary treat- 
ment of the polymer to remove dissolved gases it 
was at first thought that the presence of gas in the 
system indicated a leak in the apparatus. However, 
sensitive tests failed to show any such leak. It was 
finally concluded that the preliminary treatment of 
the polymer did not remove permanent gases com- 
pletely. Therefore, before proceeding with the 
measurements, a series of experiments was performed 
in which benzene was added to and then removed 
from the polymer. It was found that each time 
this was done a small amount of gas was present in 
the benzene, and a small amount of benzene was 
pumped off to remove the gas. The amount of gas 
removed per experiment could not be determined 
quantitatively, but appeared to decrease as the num- 
ber of experiments increased. After it was judged 
that only a negligible amount of gas remained, the 
vapor-pressure measurements were resumed. After 
the first series of measurements indicated by the open 
symbols in figure 5, a small amount of gas was found 
to be present in the system. The benzene was then 
transferred from the buret to the mixture and left 
for about a month, after which a second series of 
measurements of vapor pressure was made, the re- 
sults of which are represented by the solid symbols 
in figure 5. Although the amount of gas in the 
system appeared to be considerably greater after 
the second series of measurements than after the 
first, it will be seen from figure 5 that there was little 
if any systematic difference between results obtained 


series 
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Kiet RE 6 Deviations of observed activities in be nce ne-pol le 


butadiene , 


system from eq ialion (2), 
under the same conditions in the two series. This 
indicates that the amount of air present was not 
sufficient to affect the measured vapor pressures 
appreciably, and that the systematic difference 
between results obtained after increasing and after 
decreasing the benzene content of the mixture is due 
to hysteresis in the system polybutadiene-benzene, 
The variation of uw with 7, (fig. 5) shows that the 
vapor pressures in this system cannot be represented 
within the precision of the measurements by the 
Flory-Huggins equation. They can be represented, 
however, by adding a term in v} to this equation, 
Figure 6 shows deviations of the measured values of 
a, from 


~ 


In ay In v,-4 V2.4 0.2703 ; 0.0675. 


b. Polyisobutene-Benzene 


The results of the vapor-pressure measurements 
in the system polyisobutene-benzene are given in 
table 3, and are shown graphically by the upper 
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FIGURE a Values of the pa ameter up for the susltem polyiso- 


butlene-hen zene. 


curve in figure 4. The values of the parameter yu 
given in table 3 are shown graphically in figure 7. 
The circles in this figure represent observations made 
after increasing the benzene content of the mixture, 
while the triangles represent observations made 
after decreasing the benzene content. The value 
of m used in this calculation was taken as the ratio 
of the molal volumes of polymer and solvent, namely 
928. The dotted straight Jine in figure 7 which is 
tangent to the lower end of the experimental curve 
through the value w=0.5 at »—1. This 
value of uw has been reported [12] for dilute solutions 
of polyisobutene in benzene. 

The same difficulties in removing air from the 
mixture were encountered with this system as with 
the system polvbutadiene-benzene. It not be- 
lieved, however, that air in the system contributed 
appreciably to the hysteresis shown by the usually 
systematic deviations of cireles and triangles from 
the curve in figure 7. 

It is seen by comparison of figures 5 and 7 that 
the deviations from the Florv-Huggins equation and 
the variation of the parameter uw with composition 
are much greater for the polyisobutene-benzene sys- 
tem than for the polybutadiene-benzene system. It 
is not possible to represent the data on the polyiso- 
butene-benzene system by as simple an equation as 
2), but these data can be represented by 


passes 


Is 


2-+-(). 38873 + 0.1847)". 


(3) 


Deviations of the experimental points from this 
equation are shown in figure 8. For this system 
the agreement between observations made under 
comparable conditions is generally less satisfactory, 
and the deviations of experimental from calculated 
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polyisobulene-benzene from equation (3). 


activities are somewhat larger than for the system 
polybutadiene-benzene. This may be related to the 
fact that the time required for the attainment of 
equilibrium in the polyisobutene solutions is much 
greater than for the polybutadiene solutions, and 
therefore departures from equilibrium resulting from 
unavoidable fluctuations in temperature are likely 
to be larger in the polvisobutene solutions. 

The vapor-pressure data reported here for the 
system polyisobutene-benzene at 26.9° C are in fair 
agreement with results at 25° C reported by Bawn 
and Patel [13] for solutions in benzene of a polyiso- 
butene of molecular weight 45,000. Their curve rep- 
resenting values of the paramenter uw is somewhat 
lower at low values of 7, than that shown in figure 7, 
and the two curves intersect at about 7,=0.5. The 
difference between the two curves at 7,=—0.1 corres- 
ponds to about 3 percent in a. 
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Infrared Measurements With a Small Grating 
From 100 to 300 Microns’ 


Earle K. Plyler and L. R. Blaine 


Good resolution has been obtained with a small grating in the region from 100 to 300 


microns 
source and « Golay cell as a detector. 
before passing through the entrance slit 
to about 5 percent 


1. Introduction 


In the past several years small gratings have been 
ysed in spectrometers for the near-infrared region. 
It has also been shown that a small prism spec- 
trometer could be converted, with only minor 
changes, into a far-infrared instrument.? Good reso- 
lution has been obtained in the region from 25 to 
125 uw using a thermocouple as the detector. 
work has been done on the instrument, which in- 
creased the resolution and extended the wavelength 


range. 
2. Experimental Procedure 


In order to extend the measurements beyond 125 u 
three changes were made in the instrument. A 
Golay cell with a crystal quartz window replaced the 
thermocouple, a high-pressure mercury lamp was 
substituted for the globar source, and a different 
arrangment of the filters replaced the previous three- 
filter arrangement described in footnote 2. 

The Golay cell was found to have a greater sensi- 
tivity in the detection of the long-wavelength radia- 
tion than the thermocouple, making it possible to use 
narrower slits and to obtain better resolution. 

High-pressure mercury lamps have much greater 
intensity in the far-infrared region than the globar 
source. It was found that an AH4 mercury lamp 
was adequate for the measurements made in the 
region from 100 to 300 uw. A section 1 by 's in. was 
removed from the outer glass eavelope which en- 
closed the quartz lamp. A small glass tube was in- 
troduced through the opening and nitrogen was 
circulated about the electrodes, which greatly added 
to the life of the lamp 

Ultraviolet and visible radiation are intense from 
the lamp, and the observers’ eyes should be shielded. 
At first the lamp was housed in a black box with an 
aperture that permitted the radiation to fall upon the 
slit of the spectrometer. 
with a laver of magnesium oxide. The MgO film 
absorbed only a small fraction of the radiation at 
100 uw, but it was effective in seattering the short- 
wavelength region. A crystal of magnesium oxide 
l-mm thick absorbed about SO percent of the radia- 
tion at 100 uw, but with thinner layers the energy loss 
with the coating became negligible. 


Energy Commission 


his work w ! 
h NBs 56, 149 (1956) R P2660 


I 
2 Earle K 


$s supports 


i by the U. 8. Atomic 
Pivier and N ‘ 


» Acquista, J. Researc 


Further | 


Later the lamp was coated | 


\ high-pressure mercury lamp, having a quartz inner envelope, was used as a 
The radiation was reflected from three filtering plates 
This filtering served to reduce the stray radiation 


As measurements are carried out to longer wave- 
lengths, increased filtermg is required for the re- 
moval of the stray radiation. A new arrangement 
of the optical system has been made so that three 
reflection filters are employed in front of the entrance 
slit of the spectrometer. Figure 1 represents the 
system that was used. The filters that were placed 
in positions A, B, and C were reststrahlen plates of 
CsBr and Csl, gratings, and roughened silver scatter 
plates. In the measurements shown in figures 2 and 
3, one filter of each type was used. For the region 
from 70 to 100 em! the external filters as shown in 
figure 1 were a CsBr reststrahlen plate and two 
roughened silver plates, one of which was blackened. 
For the spectral region from 53 to 70 em a CsI 
reststrahlen plate was substituted for the CsBr plate. 
In some of the measurements a grating with 1,000 
lines/in. was substituted for one of the silver plates. 

Some spectra have been obtained in the region 
from 25 to 50 em~! by the use of small gratings with 
60 lines/in. and 100 lines/in. In the measurements 
in this region it was necessary to use wider slits, and 
in the region of 400 uw the slitwidth was 4 mm. In 
order to obtain the wide slits, the regular slit jaws 
were removed and replaced by two metal jaws so 
that there was a separation of 2 mm when the slit 
drum read zero. This change enabled the observer 
to set the slits between 2 and 4.5 mm. 


The strong water-vapor line at 26 cm™' was 
observed, but it is estimated that the spectrum con- 
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Figure 1. Optical arrangement for the filters. 
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FIGURE 2 
rhe slitwidths were 1.5 mm and a 1S80-lines/in. grating was used 


tained about 40 percent of stray radiation in this 
region. Before quantitative measurements can be 
made between 300 and 400 u on the instrument a 
more efficient filtering system will be required, 


3. Results 


As the present investigation has been primarily 
concerned with the methods of measurements, only 
three examples of the results will be given. The 
absorption spectra of several molecules have been 
reported in other publications.* 

Figure 2 represents the absorption spectrum of 
water from 73 to 100 cm™~' as measured with a 180- 
lines/in. grating. This region was included in the 
previous publication (see footnote 2), but now the 
stray radiation has been almost completely removed 
and the absorption lines of high intensity cause the 
deflection to approach the zero line. The wave 
numbers marked on the lines are the calculated 
values determined by Benedict.‘ 

D. E. Mann, J. H. Meal, and Earle K. Plyler, J. Chem. Phys. 24, 1018-1022 
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The slitwidths were 1.5 mm to 62 cm='! and 2.5 mm from 55 to 62 em~ 
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Absorption spect) um of water va por Jrom 


74 to 100 em 


The amount of water vapor in the path was 
sufficient to produce nearly 100-percent absorption 
for the lines of moderate and high intensity: thus 
some of the weak lines could be observed. The 
observed wave numbers of some of the lines of low 
intensity agree closely with the calculated values, 
The wavelengths were determined experimentally by 
the measurement of the angle of the grating with 
reference to the central image. 

Figure 3 represents the region from 53 to 70 g. 
The more intense lines of the spectra have been 
identified and the wave numbers are marked on the 
chart. The two lines near 60 em~' are slightly dis- 
torted by second-order lines. The linewidths are 
about 0.6 em~', which is a measure of the resolution 
obtained. The spectrum of water vapor recorded in 
figures 2 and 13 is for a path length of 2 m and rela- 
tive humidity of 40 percent. The slitwidths.were 
1.5 mm for the region from 75 to 100 em™', and 
2.5mm from 53 to 72 «m™~!,” 


‘W.S. Benedict, private communicatior 
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Absorption spectrum of water from 55 to 70 em= as measured with a 180-lines/in. grating 
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Absor plion 


FIGURE 4 8] 


WAVE NUMBER 


pectrum of water vapor from 36 to 55 em as measured with a 100-lines/in. grating and from 30 to 36 em~* 


with a 60-lines/in. grating. 


slitwidth was 4 mm for the entire region 
Figure 4 shows the absorption spectrum of water 
‘| The stray radiation was 
reduced to a small percentage by using a 0.2-mm 
window of LiF as a transmission filter. The slit- 
widths were 4 mm, and a 100-lines/in. grating was 
used from 
was used from 30 to 36 em™~!. In observing the two 
33 em™! a window of KBr, 0.4-mm 


vapor from 30 to 55 em 


| 


36 to 55 em™ and a 60-lines/in. grating 


be observed through the KBr window, but the 
energy in the higher wavelength region (47 to 100 
cm!) was almost zero. 

In conclusion it can be stated that a small grating 
is adequate for measuring spectra from 25 to 300 gy, 
and with further improvements in the filter system 
the measurements can be extended to 400 yu. 





lines at 32.3 and 33 
thick, was found 
orders from the grating. 


effective in 


eliminating higher 
The line at 47 em 


' could WasHINGTON, July 18, 1957. 
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A Low-Frequency Annular-Slot Antenna 
James R. Wait 


The radiation characteristics of an annular slot cut in an ideally conducting ground 
plane are discussed, The voltage impressed between the concentric edges is assumed to be 
constant around the slot. The annular slot is backed by a hemispherical cavity which has 
imperfectly conducting walls. For a specified voltage, the power radiated in the upper 
half-space and the power absorbed by the hemispherical cavity are calculated. It is indi- 
cated that the power absorbed can be reduced greatly by lining the walls of the cavity with 
a wire mesh \ flush-mounted antenna of this type at low frequencies may have certain 
practical advantages over the more conventional monopole. 


It is the purpose of this paper to examine the radiation characteristics of an annular slot 
eut in a thin perfectly conducting ground plane. The medium below the ground plane is taken 
to be a dissipative medium such as soil. A hemispherical bow] is hollowed out just beneath 
the annular slot. The problem is to calculate the power radiated into the upper half-space and 
the power absorbed by the walls of the hemispherical cavity. 

The radiation into a half-space from an aperture or a slot cut in a perfectly conducting 
plane of infinite extent is derivable from a knowledge of the tangential electric field distribution 


E’ over the aperture or slot. A general expression for the magnetic field Hi in the exterior 


region [1] ‘is (for a time factor exp (ief)) 


t 





Hr Of [mc krirds, (1) 


slot 


> 


where k=27/wavelength, m=120z, n is a unit vector which is pointing out and is normal to 
the slot aperture, 7 and +’ are position vectors directed to a point in the aperture and to the field 


point respectively. T(r, 7’) is the dyadie Green’s function and is given by the operator 


-» 


r ap . (1+ bev )@er’ (2) 


in terms of the scalar Green’s function G(r, r’) which, for a halfspace, is 


Equation (1) can readily be applied to the case of an annular slot cut in a flat ground plane 
(see fig. 1). A spherical coordinate system (r, @, ¢) is chosen with the ground plane defined by 
§=-7/2 and the inner and outer rim of the annular slot are r-=b—A and r=6+<A, respectively. 
It is now assumed that the field in the slot aperture has only a radial component E’(p’) which 
does not vary in the @ direction. The resultant magnetic field in the exterior half-space has 


only a @ component and is given by 


H p COS @ E(p’\dp’do’ (4) 
» > > 
-7 eo =e p=hb—A , 
r p 
Figures in brackets indicate the literature references t the end of this paper 
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Fiat RE 1. Annular slot and upper half-space. 


> . 
where p is a position vector to a point in the slot. For a narrow slot such that A is small com- 


pared to 6 and to the wavelength, the above simplifies to 


Lh ~~ )—tkR 
~ v{ ona 


> dd’ , (5) 
211» J 0 Rh 


i, 


where R [7* Lf? orb sin @ cos @’ and 


, frre. ' . 
| E(p’)p'dp (0) 
4 h—A 
is the voltage across the slot. 
In that far field, kr->>1 and therefore k?R~kir—6 sin @ cos ¢’} so that 
hkhV ikr {(°2" , , , ” 
H=- : cos Get? 3128 98 oda (4) 
" 2an Pf Jo 
kbV e-* ' 
— J (kb sin @) 
Mm 
where J,(z) is the Bessel function of order one. For kb< <1, 


_ (kb)?V e- 


sin 6 (8) 
2n0 r 


H.~ 


which has the same radiation pattern as a vertical electric dipole. 


The power, P,, radiated into the upper half-space is obtained by integrating the Poynting 


vector over an infinite hemisphere, therefore 


) 


r - ) 


P,=lim 3 H,\?(2xr sin 0)d0 9) 


and consequently the radiation conductance, g,, for the upper half-space ts ° 
— 
2 It may be of interest to note that y- can be expressed in the alternate form 


' w” Ia(2x)d 
o al, mr 


This integral has been tabulated by H. L. Knudsen in Antenna systems with rotational symmetry, D. Se. thesis 


Copenhagen, 1953). das — 


rech. Univ. of Denmark, 
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6) 


- 


‘Q) 


ark, 


r= = Ji(kb sin 6) sin 6dé. (10) 


_2P, _2x(kb)? (*” 
ya | 


0 

This integral can be written in terms of a highly convergent series as was shown by Bailey [2]; 
consequently 

2rkb a 


No m=. 


v4 


Or J ss.om(2kb). (11) 


-t 


For kh< « a 
 ™ (kb)* 


( 
Yr » 6 


(12) 

In the preceding discussion, only the upper half-space has been considered. If the annular 
slot was cut in a metal plate located in free space, the total radiation conductance would be 
simply 2g,. In the present case, however, the annular slot is to be backed by a hemispherical 
cavity of radius a as indicated in figure 2. The magnetic field 7, in the cavity consists of two 
parts, the primary field 772 and the secondary field H3. The tangential fields at the walls of 
the cavity, which consist of “lossy”’ material, are assumed to satisfy the approximate boundary 
condition == 7H.\,.4, where Z is the surface impedance.’ The solution for the fields in the 
cavity can be obtained quite readily by using spherical wave functions. 

The primary field is, of course, 


ikbV (? _ .. 
HP a= | cos 6 PR dd’. (13) 
- 0 0 ‘ 
It is now noted that [3,p.1466] 
= a <- (n—m)! , . 
R =—ik>> >5(2n+ De, nam)! °°8 m(o—¢’). (14) 
‘ n=0 m=0 T : 


jn(kb)h, (kr); r>b 
P@(0)P™ (cos 6) 
Jnikr yh, (kb); r<—b 


where PY (cos @) is the associated Legendre polynomial and j,(x7) and h,(z) are spherical Bessel 
and Hankel functions, respectively.‘ As a consequence of the orthogonality, the terms for 
Che use of surface impedance is valid when the fields in the air-filled cavity vary slowly in a distance equal to the “‘skin depth” of the lossy 


material beyond the cavity walls. This is satisfied if Zn0<<1 
‘The spherical Bessel and Hankel functions are defined by 


wor ()"(S2) 








Figure 2. Annular slot and lower hemisphere. 
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m1 vanish in the integration with respect to ¢’, therefore 


H? DAnh, kr) P! (COS @) 15) 
l 
for r>b, where 
I AV 2n ; ] . 
A, , / PLO i, kh ; . 
No nin) . 


The secondary field within the cavity is finite at r=0, is a solution of the wave equation, has 


azimuthal symmetry, and is therefore of the form 
H,=>> B,j,(kr) P}. (cos 8). 17) 


The tangential electric field is obtained from 


l 
ij : -- ri, IS 
ews O} 
so that 
ky a+ > > A . rh,,(ki ] —B ° Ir) hy ie cos @). 19 
ky 1=] O07 0; P 


Application of the boundary condition at r=a, leads to 


B, _h, -(iZ/ noh ») 
where 


h h ka), j, }, ka ; 


; 1 oO 

’ irh,,(a ’ 
{22 taaon 
{’ ot \} . 
J 9 or" A 


Explicit expressions for the fields inside the cavity are thus available. The power absorbed, 
P,, by the lossy walls can be obtained by integrating the Poynting flux crossing the hemisphere 


at r=a. Making use of the Wronskian relation [3, p. 1573}, 


d), -) ° dh, J 
di . da : 
it readily follows that 
H, | >) S,P} (cos 4 21 
where 
LA, : 1 _ 7 
ka)? jn + (Z/n)j 


op | 2 Re Z | UH ‘sin 07d | 23) 


9P 8e 
~ a 9 —t = ’ 1% > > . : 

= 2a S,S*, P! (cos @) P', (cos 8) sin 6d@ 
Re Z a= | 


Therefore 


and 


5 Re indicates that the real part is to be tak 




















Noting that [3, p. 


v4 9 ! 
— a é W-- 1) . 
P®(r)P" (xr j\da a F for 7 n’ 
2n--1 (n—m)! 


0 for 7 én! (24) 
it follows that 
2P Mahe 1) 
aL a 9 257. ¢ Ox, - 
ReZ aT = S nd Ms ntl (25) 


where the asterisk denotes a complex conjugate. The conductance as seen by the annular slot, 
6 


for the lower hemispherical bow], is then given by 
9p 
2P, 
Ja= "73 


2r rs b > 2n-+-1 [P1(0)}*[ jn(kb))? 28) 


No a —nn t 1) ln T Z No) In|" 


+ 


The total conductance at the annular slot is then g,+g,. The efficiency, £, of the annular slot 
can be defined as the ratio of the power radiated into the upper half-space to the total power, 
therefore, 
ae I 7 
$ “P, | P. (de q,) 4 7 (27) 
The preceding formulas could be employed to calculate the efficiency of the antenna for 
given values of the surface impedance 7, the radius of the annular ring, and the radius of the 
hemispherical cavity. Such an antenna might be feasible even at low radiofrequencies. In this 
case, the cavity could be a canyon, gorge, or ditch. Using a system of wires stretched between 
the canyon rims, a simulated annular aperture could be fabricated. In such an application, 
ka would be small compared to unity, and consequently, 


Jn(ka) ~ const. (ka)” 
and 
), (ka) ~ const. <(n+1)(ka)*"*,. 


Therefore, 


Ir(kh)* ReZ (2n+-1) (6\*" 
Ja~ >> . P;(0)}? 28 
” No n=-i35...0(n- p(s) P.(0)] (28) 
_ mkb)? Re Z =( bh ) ; 7 ( bh ) 5d b ) + 
No 4\a 32 \a T576 a ania 
The efficiency to this approximation is then given by 
: —_ (29) 


‘14 (Jal Gr) 
ReZ 9 7 (b\', 55 fb 
Jal Gr ™ 5) lts5(-) +255(-) +--+ 
no(ka)* é oe \a oiO\a ° 
If the material lining the hemispherical cavity had a conductivity ¢, then 


ReZ Re E tee Tee “3x (30) 


No 


where 


For frequencies in the vicinity of 15 ke, with a typical ground conductivity of 5>< 107% mho/m, 


Re Z/nm~0.01, 


6 It is also possible to obtain the conductance by integrating the Poynting vector over the area of the slot. 
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and, if the cavity radius was 500 ft, ka~1/20. Therefore, 


Ia 18] 1 ban(z) +--+] (31) 


~I18 if, say, b<a/2. 


For this case the efficiency, £, is 0.011 or about 5 percent. This could be improved by 
increasing the size of the cavity. For example, if the cavity radius was 1,000 ft, the efficiency 
would be about 20 percent for the same wall material. 

A more promising approach is to line the cavity wall with a wire mesh. In this case, 
the surface impedance Z is the parallel combination of the impedance of the wire mesh and the 
intrinsic impedance of the cavity wall material. It is not difficult to show that [4] 


r GX (39) 
Re Z/no (G+X)P+G 
where G= \ ~— and X =(d/d) log (d/2re), 
<0 


where d is the spacing between the wires, \ is the wavelength, and ¢ is the wire radius. For a 
wire spacing of, say, 13 ft, d/A~210~* at 15 ke, and for No. 8 wire 2¢-~1/8 in., and therefore 
log(d/2xc) ~log(400) ~6.0. Since G~0.01, it follows that 


Re Z/m~6.4 1075, 
which leads to 
Jal Gr ™OALS for b<a2 and a—500 ft. 


This corresponds to a radiation efficiency of 90 percent for the cavity-backed annular-slot 
antenna, 

No attempt has been made here to estimate the over-all efficiency of the antenna. There 
is, of course, further absorption of energy radiated into the upper half-space. This loss is due 
to the finite conductivity ef the adjacent ground plane. It could be calculated by representing 
the annular slot by an equivalent electric dipole and using the available data [4] for loss in 
radial wire ground systems. The efficiency & calculated here is a measure of the performance 
of the cavity-backed annular slot relative to a more conventional vertical monopole with the 
same electric moment. 

The circular slot concentric to the hemispherical cavity is the simplest model and the most 
convenient for calculations. It is possible that other geometrical shapes such as elongated or 
flattened cavities would also be suitable. 


The author would like to thank H. L. Knudsen for his helpful suggestions. 
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| color {1}.° . . . 
; observed may be regarded as except mons nm which | ; . 
| survey of the interaction of azo dyes and the factors 


- 


| planations include hydrogen bonding, van der Waal’s 


ical Constitution of Dyes: 


XXIX. Interaction of Direct 


Azo Dyes in Aqueous Solution ' 


May N. Inscoe, John H. Gould, Mary 


E. Corning, and Wallace R. Brode 


Interaction of dyes in aqueous solution results in differences in the spectrum of the 


mixture when compared with the sum of the 


spectra of the individual dyes. A general 


survey, chiefly with azo dyes, was made to determine the effeet of dye structure on this 


interaction. 


The effect of other factors on the interaction of direct azo dyes was investigated. 


The 


addition of alcohol or non-ionic detergent prevents this interaction, while the presence of 
inorganic salts or an increase in dye concentration appears to increase the extent of inter- 


action. 


The effect of acids and bases is depende 


nt upon the nature of the dyes in the mixture. 


The results obtained are consistent with the assumption that the forces involved in the 


interaction of direct azo dyes in mixtures are t 
individual dyes and those binding these dyes 


1. Introduction 


Dyes in aqueous solution often show a tendency 
toward association, and it is probable that the forces 
involved are closely related to those responsible for 
binding the dyes to fibers. This association may be 
hetween similar molecules or ions in solutions of 
individual dyes or between unlike molecules or ions 
in dye mixtures. In this paper the term “aggrega- 
tion’ is used to refer to the association of like mole- 
cules. while the association of unlike dye molecules | 
in mixtures is designated as “interaction.” | 

The association of like dye molecules or ions in | 
aqueous solutions to form dimers or higher aggregates 
has been studied intensively and is so common a 
phenomenon that it has been considered a general 
property of dyes, closely related to the property of 
Those cases in which aggregation is not 


“r 
rl 





steric [2] or electrical [3] influences prevent the close 
association of the molecules. 

Striking changes in the absorption spectra of 
many basic dyes are produced by dimerization and 
further aggregation, and such association has been 
ect In the case of azo 


studied spectrophotometrically. “al 
dyes, changes in absorption spectra arising from 
aggregation are not as marked, and other physical 
measurements have more commonly been used to 
demonstrate the aggregation [4]. 

The nature of the forces involved in this aggrega- | 
tion of dyes is not yet clear. Some proposed ex- 
forces, the interaction of z-electrons, or the coupling 
of electron oscillators. It is very probable that more 
than one factor is operative in Most cases. 

The association of unlike ions or molecules in 
mixtures of dyes has not been as fully investigated 
as that of individual dyes, although the absorption 
spectra of dye mixtures in many cases suggest that 
such interaction occurs. Scheibe observed such 





! This research was supported by the United States Air Force through the 
Office of Scientific Research of the Air Research and Development Command. 
’ Figures in brackets indicate the literature references at the end of this paper. 
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| samples. 


he same as those causing the aggregation of 


to fibers. 


behavior in mixtures of cyanine dyes [5], while 
Rabinowitch and Epstein found indications that 
mixed double ions were present in mixtures of 
thionine and methylene blue in water [1]. 

This interaction of dyes in mixtures has been most 
widely observed with direct cotton dyes, and the 
spectra of mixtures of substantive azo dyes in 
aqueous solution often differ from the spectra that 
would be predicted by the addition of the spectra of 
the individual components. The results obtained 
from the study of several such mixtures [6, 7] show 
that interaction to form a mixed dye complex often 
takes place, with equilibrium between the dyes and 
the complex, and suggest that the forces involved in 
this interaction are related to those operating in the 
dyeing of cotton. 

In view of the apparent close relationship between 
the aggregation of dyes, the interaction of dyes in 
mixtures, and the binding of dyes to fibers, a wider 


influencing this interaction was felt to be desirable. 


The results of this survey are described below. 


2. Experimental Procedure 


2.1. Dyes Used 


The majority of the dyes used were commercial 
When greater purity was desired, conven- 
tional methods for purification were employed. 
Some of the dyes had been prepared for other investi- 


| gations by standard methods of synthesis and puri- 


fication. 

Stock solutions of dyes were prepared by dis- 
solving weighed samples in distilled water and 
diluting to volume. In use, suitable aliquots of 
these stock solutions were diluted in volumetric 
flasks. For most measurements the final concen- 
tration used was chosen to give a maximum absorb- 
ance of the principal long-wavelength band between 
0.5 and 1 when measured in a 2-cm cell; these con- 
centrations ranged from 5 to 20 mg/liter. 





The names used in this paper for the commercial The dyes included in this survey are shown ; 
dyes are those given by the Technical Manual and | table 1, where each dye has been assigned an ath. 
Year Book of the American Association of Textile | trary number for convenience of reference in thi, 
Chemists and Colorists, Vol. XXXII, 1956, as repre- | paper. ” 
senting the best-known prototype of the dye. 


TABLE | Dyes included in the survey 
Dye Colo 
num ber Name ndex Structure 
um ber 
SUBSTANTIVE AZO DYES 
NH NH 
l Con Re N=N N=N 
SO Na SO Na 
NH NH 
2 Diamine Violet N-. 04 V—N —_ 
OH HO 
SO Na SO.Na 
3 Chrysamine G. Ho HO N=N N=N OH 
COONAa COONS 
CHy NH CH CH NH, CH 
i roluylene Orange R t4 N=N NaN 
NaQ ys NH HN SO Na 
NH CH CH NH 
Benzopurpuringe iB 44 N N N N 
SO Na SO Na 
NH, OH CH CH OH NH 
6 , Benzo Blue 3B ‘ N=N N=N 
Naod-s A SOoNa VNaOs SONS 
NH OCH OCH NH 
7 Benzopurpurine 10B iv Wa=N N= 
SO Na SO yNa 
OH OCH OCH OH 
8 Benzo Azurine G (V2 NaN N=N 
SO. Na SO oNa 
OH OH OCH OcH OH OH 
4 Dianil Blue G — Ds) N N N N 
NaO.s | J)--S OyNa Na0.8 | SONS 


See footnotes at end of table. 
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hown in 
an arbj. 
> In this 


1H 


SO Na 


SOyNa 


Dye 
number Name 
Diamine Sky Blue FF 
Brilliant Yellow 
Chrysophenine G 
\4 Benzo Fast Yellow 5GL 
Benzo Fast Yellow 4G] 
. Benzo Fast Pink 2BI 
.. Benzo Fast Red 8BI 
5 Diamine Fast Violet 


Zambesi Black D 


See footnotes at end of table. 


TABLE I. 


Color 
index 
number * 


51S 


3H 


349 


Dyes included in the survey— Continued 


Structure 


SUBSTANTIVE AZO DYES—continued 











NH, OH OCH OCHs OH NH: 
NaOs8 N=N=¢ < S-N=N-f SOsNa 
} 7 i 
"a 4 
SO,Na SO;Na 
HO< N=N— Cc=C-—< S-n=n—< on 
. ~ rd oe J 
H H 
SO3Na 
SO3Na 
. \ . . \ / ap ™ : 
C,Hs0 N=N > me ( \ ? N=N ~\ P a OC Hs 
—— — 
H H 
SO,;Na 
SO\wNa 
CH CH; 
S V=N C=C < N=N < S 
- H H ae g 
OH SO.Na OH 
SOyNa 
() 
jo \ 
HO N=N N—C—N N=N—~< S OH 
H H | 
COONAa COONa 
oO 
\ \ ra _ 
N=N S—N—C—N Y—N=N— 
“ a a 
H 
COONa OCHs COONa 
OCH 
NH, NH) 
‘) 
aN om 
N=N N—C—N >-N = N- ‘ 
—— — > < 
H H J - 
OH SO 3Na SO;Na HO » 
f » ee 
SO.Na SO:Na 
OH 
NaQO gs N=N — N=N f 
7 oO i 
. } | — 
Na038 A N—C 
v A 
H 
C Hy; OH | 
| me | 
NaOas Y N N < N =N { 
= | me 
} OCH; NaOsS—-\ A N 
’ i | — 
H 
OH 
CHs OH 
ee ae" » nN 
H:N-—< >—-N=N—-< —N==N —NH 
\ J hc. | | | 
OCH; NaO;5 \ A. 
ft WwW 
OH 
\ p — 
N=N— —N=N— —-N=N—< S 
f | 
| | ‘ _——e 
HN A SO:Na » < » 
. 2 & | 
Y 








TABLE 1. 
Dye Color 
num ber Name index 


number ® 


21 Columbia Black FF Ex 539 
22 Diamine Bronze G 55Y 
23 Direct Deep Black EW Ex 5S1 
24 Chiorazol Dark Green 583 
25 Diamine Green B W3 
2t Diamine Green G 4 
27 Congo Brown G us 
28 Benzo Brown G 66 
29 Erika B 139 
30 Chioramine Yellow si4 


See footnotes at end of table. 


Dyes included in the survey—Continued 


Structure 





SUBSTANTIVE AZO DYES—continued 
OH NH 
H.N Na N—< N=N—/ N=N—< = 
2 \ S y, NH; 
| 
NaQO:s A J 
\ .. 
_ A — 
SO gNa 
NH 
OH N=N-~< :. 
Nessa 
HO N=N N=N 
COONa NaO,8 SO;Na 
NH, OH 
H,N—< N=N— y N=N N=N ain 
NH, NaO;8 SO;Na 
NH, OH 
HO—< N=N < N=N N=N < 
NaQys SOyNa 
OH NH, 
HO N=N N=N N=N S-No; 
NaQ ys SO Na 
OH NH; 
HO —N=N N=N N=N-< —-NO 
\ hy e 
COONa NaQ;s8 SO ;Na 
OH 
HO N=N N=N N=N-< SO;Na 
\ 
COONa HO 
NaQ gs N=N N=N-/ N=N N=N SO sNa 
HN J-NHy Z HN J-~N Hy 
Ss CH OM SO Na 
H,¢ ( 
c—~ N=N 
Nn NaQ.8 
CH 
H,( 3 CH; 
( »—N=N ( 
NaO.S } SO ;Na 
N N 
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—NH,; 


NH; 


NO, 


SO Na 


SOsNa 


SO ;Na 


Sea footnotes at end of t ible. 


447210 


TABLE 1. 
Colo 
ndex 

num 
s 
"1 
29 


Dyes included in the survey Continued 


structure 
MONOAZO ACID DYES 
OH 
i=N 
SO Na 
OH 
N=N 
Vag.s 
SO gNa 
OcH OH 
XN \ 
SO Na 
oH 
Nao.s NN 
OH SO Na 
NaQos N=N 
SO Na 
OH 
Na Oh N N 
NaQes 
SO yNa 
OH OH 
NX XN SO Na 
OH OH 
W—WN SO Na 
Hy N N=N 
H 
HO 
NaQOas 
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SO.Na 


| 
SO;Na 








TABLE 1. Dye s included in the survey Continued 


Dy Color 
number Name ndex Structure 
number 
MONOAZO ACID DYES—-continued 
NH 
i) NX N 
SO Na 
i} N= NH 
SO Na 
t. NH, OH 
N=N 
NaQys SO Na 
SO Na 
13 N=N Nu 
SOjoNa 
NH 
it N NX 
SObeN 
SO Na 
OH NH 
i N=N 
NaQ)s NaQys SO oNa 
iT Hi,N N=N OH 
COONa 
DISAZO ACID DYI 
OH NH 
7 Naphthol Blue Black 246 N=N N=N NO 
NaQOs SO Na 
OH 
is Cloth Re (r wv \ N \ N 
SO.Na 
OH 
0 B nt Crocs M N=N N=N 
Nadas 
SO ;Na 


See footnotes at end of table. 
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TABLE 1, Dyes included in the surve y Continued 


Color 
ye 
ie Name index Structure 
- number * 
DISAZO ACID DYES—continued 
OH SO gNa 
SS | 2 N=N N=N 
SO ,Na 
OH NH, 
\ Black N a4 NaQs8 N=N N=N 
NaOQ,8 A SO;Na 
OH 
Ne 2B O4 N N=N N=N 
H 
SO Na J 
SO3Na 
Q ( R kB ( NN N=N | N ss _ 
’ H 
NaOQves > ‘ | 
SO Na 
SO .Na 
i Naphtt WBlack s HyN N=N N=N 
SO\Na 
OH CH CH OH 
N=N N-=N 
\ \ I B is 
SO.Na SO ;Na 
MISCELLANEOUS DYES 
H " H — 
T / “\ 
N C—< sO 
4 cru il KB tit NaQss ( N ( < 
H (CoH —e a | H 
CoHs 
Met! Viok | CH y)aN ( N(CH )2Ckr 
| 
| 
NHCH 
+ Cl | 
- 
th ! ; G2 C Hy)2N ( —N(C H3)3 | 
8 Nk lene Blu #2 ( aN | l 
| 
'N 


See footnotes at end of table. 
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TABLE 1 


lve lor 
num ber Name ndex 
' her 


CuO 


According to Ventkataraman (Synthetic Dy 
2.2. Measurement of Absorption Spectra 


The absorption spectra were determined by means 
of a Cary Recording Spectrophotometer (model 12 
with matched fused quartz absorption cells, and with 
the solvent as the reference standard 


2.3. “Sum” and ‘‘Mixture’’ Curves 


The existence of association effects may be demon- 
strated through changes in the absorption spectra 
of mixtures as compared with the summation of 
the separate curves of the two components. The 
“sum” curve can be obtained by the simple addition 
of the curves of each dye determined separately, 
but with the availability of a high-speed recording 
spectrophotometer, it is more easily produced by 
placing the ve solutions in two cells arranged 
one behind the other. To obtain the “mixture” 


Dues included mn the si rpey 


Continued 


Cs DYES continued 
Ha CH 
{ 
CH 
‘ ( { N 
H H C He Hof 
N 4 
CH ( 
t 
: \ ( ( XN ( OCH 
H H oH H 
i SON OoOcH 
SOboNa 
‘> : 
( \ ( ( N—¢ 
H oH iH 
H SON OCH 
SO)oNa 
N 
X\ { { ‘\ n 
.. H Hou H i 
‘\ OeoNa . 
“OO Nag 
N—H H 
N\ 
\ { { ‘N N 
i H oH H i 
N OuwNa » 
N(C)H,OH N(C;H,OH 
I 1W24 


curve, one of these cells was filled with solvent 
while the other contained a mixture of the two 
dyes, each at the same concentration as in the 
separate dve solutions 
the spectrum of each individual dve was also deter- 
mined, so that in all, four curves have been recorded 
for each pair of dves studied 

When the sum and mixture curves were identical 
(that is, the spectra were additive) it was considered 
that there was no association (see fig. 1): while 
differences between the two curves (nonadditive 
spectra) were taken as evidence of interaction 
Typical association effects are shown in figures 2 


For purposes of com parison 


and ». 

Effects other than 
precipitation, changes in pH, or phototropic changes, 
May also cause differences between the sum and 
mixture spectra. When aging, plating out, or pre- 
cipitation was suspected, better results were obtained 


association, such as aging, 
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Figure 3. Sum and mixture spectra for Genacryl Pink G 

















, ake — — — (10 mg/liter) with Brilliant Yellow (5 mg/liter). 
WAVELENGTH , mpi Length of cells equals 2 em, 
Figure 1. Sum and mixture spectra for dye No. 44 (15 

mg/liter) with Sulfon Acid Blue B (10 mg/liter). by preparing the solutions immediately before 
senitih sa ailtinaniaiiiadiniad measuring. For dyes sensitive to variations in pH, 
caused by dissolved carbon dioxide or by the presence 
of a second dye in the mixture, control by a buffer 
was necessary. Phototropic dyes were allowed to 
stand in controlled Jight conditions until equilibrium 

was established. 
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2.4. Irradiation of Solutions 


H,N OH — -, HO NH, 
In the study of the phototropism of dve mixtures, 
NoO,S 








= = aes the solutions were irradiated during the measurement 
of the spectra in the manner described in an earlier 
2. BRILLIANT YELLOW (C. 1 364) paper [8]. 
mo pont_paree, eve, pie » 4 Results 
O.No NoO,S 
olvent ie, M = MIXTURE 3.1. A General Survey of the Interaction of Dyes 
e two AQUEOUS SOLUTION S » SUM in Solution 
n the S| _ , 
arison 9 : Mee The association of dyes in mixtures, as shown by 
deter- q the sum and mixture curves, is described for various 
‘orded g groups of dyes. 
2 O5- 
ntical b a. Azo Dyes Substantive for Cotton 


idered rm: . ““ 
Thirty substantive azo dves, representing different 











= structural types, were studied in various combina- 
otha tions. In general, the results obtained with these 
ong dyes confirm the observations of earlier workers 
aaah Oo : — 16,7]. Mixtures of direct dyes usually give nonaddi- 
ales _ ii _ = tive spectra, As a rule, where the absorption bands 
tt WAVELENGTH, mu are sufficiently well resolved, the absorption band 
ee . . occurring in the visible region and associated with 
- pre- Pret pai ae ieee r rture — for Be a 3B the dye absorbing at shorter wavelengths increases 
oie a ee ee in intensity, while that associated with the dye ab- 

Length of cells equals 2 cm sorbing at longer wavelengths decreases. At the 








same time, both absorption bands show a_ batho- 
chromic shift. In cases where the bands overlap 
badly, the spectral changes cannot be classified as 
well, but they are still observable. 

Disazo dyes derived from benzidine, o-dianisidine, 
or 0-tolidine (Nos. 1 to 10) * appear to be most active 
in such dye interactions. Nonadditive spectra are 
observed with mixtures in which both dyes are of 
this type as well as with mixtures in which the second 
component is a direct azo dye of another type. 
Such dyes include disazo stilbene or urea derivatives, 
trisazo dves, or disazo dyes of the type A-M-—>J-acid 
(or Y-acid) in which the substantivity is thought 
to be due to the presence of J-acid or y-acid [9]. 

The changes in spectrum that are observed when 
one component of the mixture consists of a benzidine- 
type dye containing a naphthionic acid substituent 
(as for example Benzopurpurine 10B, No. 7) are 
often much less marked than the changes observed 
with benzidine dyes containing other groups. The 
substitution of NW-acid for the naphthionic acid 
groups of the Benzopurpurine 10B to produce Benzo 
Azurine G (No.8) appears to increase the activity of the 
dye. It is possible that the amino group of the 
former is less favorable to dye interaction than the 
hydroxyl group. 

Disazo derivatives of 4,4’-diaminostilbene-2,2’- 
disulfonic acid (Nos. 11 to 13) or 4,4’-diamino-N ,N’- 
diphenylurea (Nos. 14 to 16) show a marked inter- 
action with benzidine dyes, but the spectral differ- 
ences observed with these dyes when the second 
component of the mixture is a J-acid or y-acid 
derivative are much less pronounced. The stilbene 
dyes in particular show only slight interaction with 
dyes of this latter type. 

The differences in sum and mixture curves ob- 
tained with mixtures in which one component is a 
trisazo dye (Nos. 20 to 27) are usually not as great 
as those observed when both components are disazo 
dyes. 

Of the direct dyes considered, the type showing 
the least apparent interaction in most mixtures was 


the unsymmetrical type, A->M->J-acid (or y-acid), 
The dye numbers refer to the dyes in table 1 


riures 


TABLE 2 Vi 


Components of mixture 


Dyes possessing 


Congo Red (No. 1) and Benzopurpurine 4B (No, 5 


Benzopurpurine 4B (No. 5) and 


Benzopurpurine 10B 
NO. 7 : 
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where M is a phenyl derivative (Nos. 17 to 19) 

Two direct monoazo dyes containing the benzo. 
thiazole group (Nos. 29 and 30) were investigated 
briefly. They behave in much the same manner as 
other direct dyes, although these dyes do not appear 
to have as great a tendency for interaction as do the 
benzidine dyes. 

There are two general situations in which inter. 
action of direct azo dyes might be expected to occur 
but where none is apparent from the spectra, One 
is the situation in which both components of a miy- 
ture have similar or identical terminal groups. 
Although each of these components may give non- 
additive spectra with most other direct azo dyes of 
various types, the spectrum of the mixture is addi- 
tive when the terminal groups are identical, or very 
nearly additive when the terminal groups are similar 
(see table 2). The additive spectra observed in these 
‘ases cannot be attributed to the proximity of the 
absorption bands of the dyes, for nonadditive spectra 
have often been observed with pairs of dyes whose 
absorption bands are even less widely separated, 
Nor can these additive spectra be taken as a positive 
indication that no interaction has occurred. Agegre- 
gation of some individual azo dyes with increasing 
dve concentration is known to take place, but this 
aggregation does not necessarily produce marked 
spectral anomalies [2], particularly at the concentra- 
tions used in these studies. Therefore, if the forces 
involved in the interaction of dyes in mixtures are 
related to those causing the aggregation of an indi- 
vidual dye, as well may be the case, it is possible that 
the interaction of two dyes possessing similar ter- 
minal groups may also occur without producing 
marked changes in the spectrum, 

The second general situation in which additive 
spectra are obtained from mixtures of direct azo dyes 
is that in which both components of the mixture 
bear sulfonic acid groups on the central portion of 
the molecule (see table 2). 

Chrysophenine G is a dye that is not appreciably 
aggregated in aqueous solutions, either by increased 
concentration or by added salts [10]. This has been 
explained as resulting from the mutual repulsion of 
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Dyes possessing similar terminal groupings 


Mixtures of direct dyes giving additive spectra—Continued 


Groupings involved 
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the sulfonic acid groups [11]. A steric effect may also 
be involved, with the bulky sulfonic acid groups inter- 
fering with the close approach of the dye molecules, 
thus preventing aggregation. The apparent lack of 
interaction in mixtures of dyes possessing sulfonic 
acid groups near the center of the molecule may very 
well arise from the same causes, for the electrical 
repulsion or the bulkiness of the sulfonic acid groups 
would be expected to interfere with the interaction 
of such dyes as well as with their aggregation. The 
slight apparent interaction observed in buffered mix- 
tures of Chrysophenine G and Benzo Fast Pink 2BL 
suggests that the spacing of the sulfonic acid groups 
are sufficiently different in these two dyes to permit 
a slight interaction when the interference of the 
sulfonic acid groups is counteracted by the presence 
of salts. Inorganic salts appear to enhance interac- 
tion in the same way that they tend to increase the 
degree of aggregation of individual dyes. 


b. Acid Dyes 


Acid dyes in solution tend to be molecularly dis- 
persed, although in some cases increasing salt con- 
centration may bring about dimerization or slight 
aggregation [12]. It is therefore to be expected that 
such dyes also show little tendency for interaction 
with other dyes. Many mixtures containing acid 
dyes give additive spectra under all conditions, while 
in several other cases the spectra are additive unless 
the solutions contain added inorganic salts. In all 
cases where nonadditive spectra are observed with 
acid dyes, the spectral differences are not great. 

Most of the 16 monoazo acid dyes studied (Nos. 
31 to 46) show no interaction with each other, and 
the spectra obtained from mixtures of these monoazo 
dyes are generally additive. 

One exception to this generalization is the dye 
Sulphon Acid Blue B (No. 39). Although this dve 
gives additive spectra with many monoazo dyes 
(see fig. 1), it gives nonadditive spectra with several 
|-arvlazo-2-naphthol derivatives. The presence of a 
sulfonic acid group in the 8 position of the naphthol 
portion apparently prevents this interaction. Since 
Sulphon Acid Blue B is also anomalous in its be- 
havior with direct dyes, it seems that the nonadditive 
spectra observed with this lve are not related to the 
interactions being considered in this survey. 

Several monoazo acid dyes give slightly nonaddi- 
tive spectra with direct disazo dyes, particularly in 
buffered solutions, which increase the salt concen- 
tration. No interaction is observed when the disazo 
dve bears sulfonic acid groups near the center of the 
dye molecule or when the monoazo dye has sulfonic 
acid groups on both aryl nuclei. Additive spectra 
are also obtained in cases where both components 
contain similar groups; e. g., a mixture of Azo 
Kosine G (No. 33) and Benzo Azurine G (No. 8) 
gives an additive spectrum. The observation by 
Neale and Stringfellow [6] that the spectrum ob- 
tained from a mixture of Sky Blue FF and o-anisi- 
dine-—Chicago acid is nonadditive is unexpected in 
the light of our observations. Monoazo dyes con- 
taining amino groups show less tendency toward 
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interaction than do similar dyes containing hydroxy} 
groups, this being another case in which amino groups | 
appear to be less active than hydroxyl groups 2 
promoting interaction. bee a 

Monoazo dyes give no apparent interaction with | 
trisazo dyes; and the interaction with dyes which 
owe their substantivity to the presence of J-acid 
groups is usually very slight. 

These generalizations for the monoazo acid dyes 
also hold true for the nine disazo acid dyes inyestj. 
gated (Nos. 47 to 55). In those cases where non- 
additive spectra are obtained with these dyes thp 
spectral differences are usually more pronounced 
than those observed with the monoazo dyes, although 
they are still slight when compared to the differences 
observed with most direct dyes. This apparent 
greater tendency for interaction of disazo acid dyes 
as compared with monoazo acid dyes is to be ex. 
pected in view of the increased molecular weights 
and the presence of more aromatic nuclei in the disazo 
acid dves. 


c. Miscellaneous Dyes 


The study of the interaction of dyes in aqueous 
solution was extended briefly to other types of dyes 

Three basic dyes were considered Methyl Violet 
(No. 57), Methylene Blue (No. 58), and Genaeryl 
Pink G (No. 59). Mixtures of these dyes with each 
other give nonadditive spectra, but in acetate buffers 
(pH 4.7 and 5.7) the spectra of the mixtures are 
additive. Michaelis [3] has observed that various 
basic dyes that give evidence of aggregation in 
neutral solutions are not aggregated in solutions 
sufficiently acid to cause the dyes to exist as doubly 
charged cations. The pH of the acetate buffers 
used here is not sufficiently low to cause this change, 
and the lack of interaction in the buffered solutions 
cannot be explained by the presence of excess posi- 
tive charges on the dve molecules. 

The spectra of mixtures of these basic dyes with 
representative direct azo dyes give marked evidence 
of interaction, both with and without an acetate 
buffer (see figs. 3 and 4). The differences in the 
sum and mixture spectra are usually much greater | 
in the absorption band associated with the basie 
dve than the region where the azo dve absorbs. In 
several cases the resulting changes in absorption are 
accompanied by hypsochromic shifts rather than the 
bathochromic shifts generally observed with mixtures 
containing only azo dyes. In the case of Methylene 
Blue, the interaction of the dyes is accompanied by | 
the reduction of Methvlene Blue by the azo dye. 

The interaction of basic dves with azo dyes is not 
limited to substantive dyes, since the acid dye 
aniline ““>+H-acid (No. 42) also gives a nonadditive 
spectrum with Methyl Violet. In such cases the 
interaction of the dves may be strengthened by the | 
electrical attraction between the oppositely charged | 
dve ions. A somewhat similar effect is observed 
when direct dives on cotton are “topped” by small | 
amounts of basic dves [13]. The direct dye appears 
to act as a mordant for the basic dye, which would 
not otherwise adhere to the cotton, 
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Figure 4 


Sum and mixture spectra for Chloramine Yellow (10 mg/liter) with (a) Guinea Green B (5 mg/liter) and 


(b) with Methyl Violet (2 mg/liter) 


Length of cells equals 


The acid triphenylmethane dye, Guinea Green B 
(No. 56), containing only two amine groups, gives 
additive spectra with azo dves (fig. 4a) and with 
Genacry! Pink G, while with Methylene Blue the 
spectrum is almost additive. With Methyl Violet, 
however, there is evidence of some interaction either 
with or without the use of an acetate buffer. Shep- 
pard and Geddes, in discussing structural effects on 
the aggregation of dyes, mention that increasing 
concentration has little effect on the spectra of the 
diamino triphenvlmethane dyes, indicating that these 
dves have little or no tendeney for aggregation, 
although the reason for this is not apparent [2]. 
The tendency of Guinea Green B to give additive 
spectra with most other dyes may well arise from the 
same cause 

d. Optical Bleaching Agents 


These compounds are colorless fluorescent sub- 
stances absorbing in the near ultraviolet and possess- 
ing substantivity for cotton. Many of them are aryl 
amido or substituted amino derivatives of 4,4’- 
diaminostilbene-2,2’-disulfonicacid [14]. Mixturesof 
four of these compounds (Nos. 60 to 63) with several 
substantive benzidine dyes give nonadditive spectra 
see fig. Sb The spectral changes observed in these 
mixtures are very similar to those observed in mix- 
tures of two direct azo ives, except that the absorp- 
tion bands of both components usually decrease in 
intensity, Whereas in mixtures containing only azo 
dyes there is commonly an increase in the absorption 
band associated with the dye that absorbs at shorter 
wavelengths. The spectral differences observed in 
mixtures containing a naphthionie acid derivative 
such as Congo Red are considerably less than those 
observed when other cdireet dives are used, thus pro- 
viding another instance in which amino groups do not 
appear to be as favorable to the iateraction as do 
wdroxy! groups. Stilbene dyes such as Brilliant 
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Yellow or Chrysophenine G and the nonsubstantive 
benzidine dye Acid Anthracene Red 3B give almost 
additive spectra with these colorless substances (see 
fig. 5a). This lack of interaction can probably be 
attributed to interference by the sulfonic acid groups 
in the molecules. 


3.2. Other Factors and Their Effect on the 
Interaction of Direct Azo Dyes 


After this general survey on the relationship be- 
tween the constitution of dyes and their interaction 
in aqueous solution, the effects of other conditions on 
the interaction were investigated. 


a. Alcohol 


It has been clearly demonstrated that alcohol, like 
pyridine, inhibits the aggregation of azo dyes [15], as 
well as that of dyes of other types [1,16]. Pyridine 
in aqueous solution) has also been shown to be 
useful for obtaining additive spectra with mixtures of 
dyes that normally show interaction in aqueous solu- 
tion [6]. In view of the apparent relation between 
aggregation and interaction, it is not surprising that 
the interaction of direct azo dyes is also reduced by 
the presence of alcohol. For example, in a solution 
containing 4 percent of aleohol the spectrum of a 
mixture of Brilliant Yellow and Benzo Blue 3B is 
nonadditive, but the differences are much less than 
those observed in water alone. The spectrum of the 
mixture in 20 percent aqueous alcohol is almost addi- 
tive, while in 40 percent alcohol no differences can be 
observed between the sum and mixture curves. 

However, in absolute alcohol the spectra of mix- 
tures of direct azo dyes or their diorthotolylguani- 
dine salts again give some evidence of a slight inter- 
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b. Non-Ionic Detergents 

Non-ionie detergents such as polyethylene oxide 
condensates resemble pyridine, in that they prevent 
the aggregation of dyes, but are effective at much 
lower coacentrations [17]. Such have 
also been reported [18] to give better results than 
pyridine when it is desired to obtain additive spectra 
with mixtures of dyes such as Chrysophenine G and 
Diamine Sky Blue FF which normally show inter- 
action. These results are confirmed by the com- 
pletely additive spectrum observed with a mixture of 
Brilliant Yellow and Benzo Blue 3B in aqueous solu- 
tion containing 0.1 percent Triton X—100 


substances 


a cone 
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densate of ethylene oxide 
mixture of Chrysophenine G and Methyl Violet re- 
quires slightly more detergent to prevent interaction, 
for a slight interaction is observed in 0.1 percent 
Triton X-100 solution, but the spectrum is strietly 
additive when the concentration of detergent is 
increased to 0.5 percent (see fig. 6). 

The effect of the detergent concentration on these 
two mixtures is apparently related to the concentra- 
tion effect that is observed with the individual dyes. 
At low concentrations Triton X-—100 causes changes 
in the absorption spectra of the individual dyes 
which are dependent upon the detergent concentra- 
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pletely. 
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» Brilliant 


As the amount of detergent is increased, a | 
qncentration is reached beyond which no further 
change in spectrum is observed. With the direet 
yo dyes this limiting value occurs when the deter- 
ant concentration is between 0.03 and 0.05 percent, 
vhile the limiting value for Methyl Violet is close to 
.3 percent. In a dye mixture it appears necessary 
to have the detergent concentration above the limit- 
ing concentration for both components of the mixture 
in order to prevent the interaction of the dyes com- 
It is of interest that, while solutions of 
Triton X-100 contain micelles even at very low 
eoncentrations, the monomer saturation concentra- 
tion (the concentration above which essen tially all 
detergent is in the form of micelles) is 0.3 percent 


19]. 
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gen 


c. Inorganic Salts 


Since inorganic electrolytes are known to increase 
the aggregation of many direct dyes, their effect on 
the interaction of such dyes in mixtures is another 
factor of interest. Diamime Sky Blue FF (No. 10) 
and Brilliant Yellow (No. 11) can be taken as repre- 
gntative direct dyes giving nonadditive spectra. 
Yellow is of more value in such studies 
than the classic example, Chrysophenine G; for it 
shows no photot ropic changes to obscure the spectral 
effects of interaction, while its structure is stmilar and 
its association tendencies in mixtures appear to be 
identical with those of Chrysophenine G. 

Diamine Sky Blue FF is reported to show increas- 


\ing aggregation with increasing salt concentration 








(20) 


This aggregation is reflected in changes in the 
absorption spectra (see fig. 7). As the concentra- 
tion of potassium bromide is increased from 0 to 32 
g liter, the main absorption band of the dye becomes 
progressively lower and broader. Although there is 
no marked change in the position of the maximum, 
there is an apparent shift in the center of gravity of 
the band toward longer wavelengths. These changes 
do not appear to approach a limit at the maximum 
salt concentration used, Potassium sulfate produces 
similar changes in the spectrum of the dye. Both 
silts produce similar changes in the spectra of other 
related benzidine dyes (e. g., Benzo Azurine G, No. 
8; Dianil Blue G, No. 9; and Benzo Blue 3B, No. 6), 
but with these dyes the maxima are shifted slightly 


_to shorter wavelengths. 
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Smee Brilliant Yellow is structurally similar to 
Chrysophenine G, which is not aggregated by salts 
10), it would also be expected to be unaffected by 
salts. The speetrum of Brilliant Yellow is found 
to show no change as the concentration of potassium 
bromide is increased from 0 to 16 g/liter, indicating 
that probably no aggregation occurs. 

When mixtures of Diamine Sky Blue FF and Bril- 
liant Yellow are prepared in solutions containing in- 
creasing concentrations of potassium bromide or 
potassium sulfate, the absorption band associated 
with the Brilliant Yellow increases in intensity and is 
shifted to longer wavelengths (see fig. 8). As the 
salt concentration is increased, a limiting concentra- 
tion is reached, beyond which no further changes are 
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Figure 7. Effect of potassium bromide on the absorption spec- 
trum of Diamine Sky Blue FF (10 mg/liter). 
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spectrum of a mixture of Diamine Sky Blue FF (10 mg/liter) 
and Brilliant Yellow (5 mg/liter). 
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observed in this band. The spectrum of a mixture 
containing Diamine Sky Blue FF at a concentration 
of 10 mg liter and Brilliant Yellow at a concentration 
of 5 mg liter shows no further change in the 400-my 
region When the potassium bromide concentration 1s 
made greater than 4 g/liter, but 1 g/liter of the salt 
is sufficient to produce the maximum change when 
the concentration of Brilliant Yellow in the mixture 
is 2.5 mg/liter. The nature of the spectral changes 
observed in this band suggests that the addition of 
salts causes an increase in the interaction of the 
dyes in the mixture 

As the salt concentration is increased, the absorp- 
tion band associated with the Diamine Sky Blue FF 
also changes in a manner suggesting increased inter- 
action; that is, the band undergoes a bathochromic 
shift together with a decrease in intensity. How- 
ever, these changes continue as the salt concentra- 
tion is increased and a limit to the changes was not 
reached at a salt concentration of 32 g/liter. Similar 
results are obtained when different proportions of the 
blue and the vellow dye are used, even when Brilliant 
Yellow is present in sufficient excess to make it im- 
probable that any free Diamine Sky Blue FF is 
present in the mixture. The progressive spectral 
changes observed with increasing salt concentration 
in this latter case resemble those produced by the 
action of salts on Diamine Sky Blue FF in the absence 
of Brilliant Yellow, and suggest an aggregation of the 
Brilliant Yellow-Diamine Sky Blue FF complex 
similar to that of the blue dye alone 


d. Concentration Changes 


Another factor that can cause increased aggrega- 
tion of dyes is increased concentration. This effect 
is particularly marked with certain basic dyes [2] 
but has also been demonstrated in the case of direct 
azo «yes [4]. 

A qualitative estimate of the effect of concentra- 
tion on the spectrum of a dye can be obtained by 
making a series of measurements with dye solutions 
in both sample and reference cells. A fixed con- 
centration difference is maintained between the solu- 
tions in the two cells while the total concentrations 
of the dye in both are increased. The spectral 
changes of Diamine Sky Blue FF observed in this 
manner, as the concentration in the sample cell is 
increased from 20 to 100 mg liter while the concentra- 
tion difference between the sample and reference cells 
is fixed at 20 mg/liter, are very similar to those ob- 
served with a fixed concentration of dye as the salt 
concentration is increased from 0 to 
fig. 9). The effects of aggregation on the spectrum 
of the dye are thus similar in the two cases 

In the case of Brilliant Yellow, which is not ap- 
preciably aggregated, there is no noticeable change 
In spectrum as the concentration is increased. 

With mixtures of Brilliant Yellow and Sky Blue 
FF, increasing the concentration of one component 
brings about changes in the absorption band associ- 
ated with the other component very similar to the 
changes produced by increasing the salt concentra- 
tion. When the concentration of Brilliant Yellow is 


5 eg liter (see 
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fixed at 5 mg/liter, its absorption band undergoes} chat 
progressive bathochromic and hyperchromic. shifts~ oh 
as the concentration of Diamine Sky Blue FF is in-j and 
creased from 0 to 20 mg liter. For conceal hig! 
of the blue dye between 20 and 100 mg/liter, nof con 
further change is observed in this band. rea 

When the concentration of Diamine Sky Blue FF) ofB 
is fixed at 4 my liter, an Increase in the concentration 
of Brilliant Yellow brings about both a lowering and} 
a bathochromic shift of the absorption band of the| 


blue dve (see fig. 10). The curves obtained with. I 
small increments in the concentration of Brilliant} “>> 
Yellow show a single, well-defined isosbestic point dd 
until a concentration of 0.75 mg/liter is reached. Red 
Such an isosbestic port is to be expected if there is Chr 
an equilibrium between the ions of the individual indi 
dyes and a single form of the Brilliant Yellow. 7” 
Diamine Sky Blue FF complex, since Brilliant Yellow 7 


| low ever, as 


shows no absorption in this region. i] 
is increased} '! 


the concentration Brilliant Yellow 
further, the isosbestie point is no longer observed,}‘" 
W hile the bathochromic, hy pochromic shifts continue. ; ; 
The vreatest changes are observed as the concentra-}> 
tion of Brilliant Yellow from 0 to 20 
mg liter, although concentrations of vellow dve up 
to 100 mg/liter are effective in producing marked 
changes, and no limit is observed with concentrations 
up to 500 mg/liter. 

The absence of an isosbestic point, except at the 
lowest concentrations of Brilliant Yellow, indicates 
that the mixture contains more than two species 
absorbing in the region of the main absorption band 
of the blue dve, and the nature of the spectral changes 
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mixture is quite complex 
all showing progressive 
idergoes | changes In absor ption with isosbestie points observed 
c shifts. only at the lowest concentrations of the vellow dve 
F is in-| and with no indication of limits to the changes at 
trations are also obtained when the 
iter, no} concentration of Brilliant Yellow is gradually in- 

reased in mixtures containing fixed concentrations 
3lue FF! of Benzo Azurine G, Dianil Blue G, or Benzo Blue 3B 
itration 
ing and} 


| of the ' 
d with, Jn dilute acid solution (0.01 N or below) dyes such 


Srilliant | # Congo Red No. 1 change color as a result of the 
© point ddition of protons. The blue, acid forms of Congo 
hed,| Red and similar dyes give non-additive spectra with 
there js. Ltysophenine G and with Brilliant Yellow, thus 
lividua] Mdieating that the presence of the positively charged 
Y ellow- groups does not prevent interaction of the dyes. This 
Yellow isto be expected, since the addition of posit ive charges 
to the dve molecule should reduce the repulsion by 


shserved suggests that the 


; Similar series of curves, 


higher concentrations, 


e. Acids and Bases 
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Azo dyes containing hydroxyl groups are not 


ntinue, ; 
| rreatly affected by dilute acids, and the spectra 


centra- | 


) to 29, Btained with mixtures of such dyes in acid solutions 
lye up| © not differ significantly from nonadditive spectra 
narked obtained in distilled water. 


In dilute bases, dyes containing hydroxyl groups 
is the only auxochromes change color with the for- 
nation of phenolate ions. In this form such dyes 
five additive spectra in mixtures where interaction 
snormally observed in neutral solutions. For ex- 
mple, Brilliant Yellow (No. 11), Benzo Azurine G 
Xo. 8), Dianil Blue G (No. 9), Chrysamine G (No, 
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3), and Benzo Fast Yellow 5GL (No. 15) give addi- 
tive spectra with other direct dyes in 0.2 .\V sodium 
hvdroxide solutions; while dyes such as Chrysophe- 
nine G, Congo Red, or Benzo Blue 3B, which con- 
tain either amino groups in addition to hydroxyl 
groups or else no hydroxyl groups, give nonadditive 
spectra with other direct dyes in basic solutions as 
well as in neutral solutions. 

In order to obtain interaction of direct dyes, it is 
necessary that the forces acting to give interaction 
be large enough to overcome the repulsion of the 
negative charges localized on the sulfonic acid groups 
of the dye molecules. Additional negative charges 
added to the molecule of a hydroxyl-bearing dve by 
the formation of phenolate ions tend to be distributed 
over the whole molecule because of the conjugation 
of the oxygen with the rest of the molecule. The 
additive spectra obtained in basic solutions of such 
dyes suggest that the added repulsion resulting from 
the increased negative charges on the dve molecule 
is sufficient to prevent interaction with other dves. 


f. Phototropism and Dye Interaction 


It was mentioned earlier that the phototropism of 
Chrysophenine G may give rise to misleading results 
in the study of the spectra of dye mixtures unless 
suitable precautions are taken. In some cases the 
phototropic property of this dye can be used to 
advantage in studying dye interaction. 

A mixture of Chrysophenine G and the nonphoto- 
tropic dve Diamine Sky Blue FF gives a nonadditive 
spectrum in aqueous solution by virtue of complex 
formation. When this mixture is irradiated with 
blue light, the spectral changes in the 400-my region 
(the region of maximum absorption for Chry- 
sophenine G) resemble those observed with Chryso- 
phenine G alone (see fig. lla). The spectrum in the 
600-mu region (the region where Chrysophenine G 
shows no absorption but the absorption of Diamine 
Sky Blue FF is at a maximum) is also observed to 
change, although to a much smaller extent. The 
spectral changes produced in this region by illumina- 
tion are of such a nature that they suggest a-tendency 
toward less interaction of the two dyes on irradiation 
21}. 

The effect of light on the spectrum of such mixtures 
leads to the conclusions that the complex itself 1s 
not phototropic and that only the more stable, 
“dark” form of Chrysophenine G is involved in 
complex formation. Irradiation of the mixture, 
particularly with blue light, leads to the formation 
of the less stable forms of Chrysophenine G with a 
resultant decrease in the concentration of the dark 
form. This then shifts the equilibrium between the 
free dyes and the complex, resulting in a decrease in 
the concentration of the complex and producing the 
observed spectral changes. This interpretation of 
the changes in spectrum is in agreement with that of 
Atherton and Peters [22]. 

If these conclusions are correct, it is evident that 
the effects of irradiation observed in the 600-myz 
region should represent the extent to which the dye 
complex is broken up, while the changes in the 400- 























| 
| 
D, 
SKY BLUE FF (C.1.5/86) | 
@ AQUEOUS SOLUTION : 
8 Hw OH M30 OCH, = HOON 
‘. “eT wenx weeny YY SO,Ne ? 
Lo _ \ “YY | 
rs at - SO,Na bo } 
i; and 
i ee P CHRYSOPHENINE G (C.1. 365) } 
w / - 
/ ~~ = 
5 P C54.0~ Nen< » CH= CH4 >) Nene >» OCH, 
x 0 — — — eel — a / 
re) $O,No NeQ, 
a 
2 
8) ~ 
b. BUFFERED SOLUTION 8) 
f D « DARK B+ BLUE LIGHT 
/ 
1. OF f 
_ / 
: “Nan J, 
:? a wane inieaeieptitieniiata J 
750 650 550 450 350 
WAVELENGTH, m u 
Fictre 11 Phototropi effect shown by a mixture of Diamine Sky Blue FF (20 mq liter) and Cl) jsophenine G (10 mal/liter 
water and ina bu fie r solution pu equals 5.7 
Length of cell equals 2 cm } 


my region should be related to the concentration of 


free Chrysophenine G in the mixture before irradia- 
tion, together with that released by the disruption 
of the complex. Unfortunately, beating of the 
mixture during irradiation also leads to dissociation 
of the complex, making the interpretation of the 
spectral effects more difficult and thus preventing ¢ 
quantitative study of the effect at this time. In 
general, the changes observed are those which would 
be expected if an equilibrium exists between a com- 
plex, the dark form of Chrysophenine G, and free 
Diamine Sky Blue FF. An increase in the concen- 
tration of either dye or the addition of salts (or the 
use of an acetate buffer) results in increased inter- 
action of the dyes, as shown by the relative decrease 
in the phototropic changes (see fig. 11b). 


4. Conclusions 


The results obtained in this general sucvey tend to 
confirm the idea that there is a fundamental relation- 
ship between the factors involved in dyeing cotton, 
in the aggregation of azo dves, and in the interaction 
of azo dyes in mixtures. This relationship probably 
extends to dyes of other types as well. 

The exact nature of the forces operative in the 
dyeing of cotton is still undetermined, as can be seen 
from the different opinions expressed in the sym- 
posium on the physical chemistry of dyeing [23]. It 
has been found empirically that several features in 
the structure of direct azo dyes tend to increase the 
substantivity of the dye, although the existence of 
substantive dyes that do not possess some of these 
features shows that many of these are not absolute 
requirements for substantivity and suggests that 
several types of interaction are responsible for the 
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binding of dyes to cotton. Some of the features 
mentioned [24] as required or desirable for sub 
stantiv ity are linearity of the dye molecule, coplanar: 
ity of the molecule, the presence of hydrogen 
bonding groups, the presence of a sufficiently long 
chain of conjugated double bonds, and the presence of 4 
minimum number of solubilizing groups, the latte! 
preferably arranged along one side of the molecul, 
with hydrogen-bonding groups on the other sidd 
The results of this survey indicate that these feature 
also tend to favor the interaction of dyes in mixtures 
Solubilizing groups such as the sulfonic acid grouj 
appear to be more effective in preventing interactiog 
or the aggregation of individual dyes than in de 
creasing substantivity; this is apparent in the cas 
of Chrysophenine G, which is substantive althougl 
the sulfonic acid groups prevent its aggregation, 0 
its interaction with other dyes bearing suitably 
placed sulfonic acid groups. 

One apparent contradiction can be noted. Th 
presence of amino groups increases the substantivit} 
of dyes, particularly on viscose [25], while th 
results given in this paper suggest a tendency fol 
dyes containing amino groups as the only auxq 
chromes to show interaction in mixtures 
Griffiths and Neale point out that the greater subj 
stantivity on viscose may result from the largd 
number of carboxyl groups on viscose than of 
cotton. If such is the case, the opposite effects 
the amino group on the substantivity and on th 
interaction of dyes would not be surprising. 

Other parallels may be drawn between dyeing 
aggregation, and interaction. Increased dye concehi 
tration and increased salt concentration have bee 
shown to cause increased aggregation of direct aq 
is well as increased interaction in mixturey 
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changes also increase the rate and depth of 


| these * an Aes 
Similarly, stripping agents such as 


| dyeing of cotton. 


pyridine which remove dyes from fibers prevent the 
yggregation Or the interaction of these dyes. 
age oe 4 


> “Probably the most significant similarity between 
three phenomena is seen in the spectral changes 
they produce. — The results given in this paper illus- 
wate changes in spectrum brought about by aggre- 
vation due to increased salt concentration or in- 
sreased dye concentration, as well as those resulting 
from the interaction of dyes. A comparison of these 
changes With those resulting from the dyeing of 
cellulose sheet by a number of substantive benzidine 
dves [26] shows marked similarities, particularly in 
the direction of the spectral shifts as well as in 
the increased asymmetry on the long wavelength side 
of the absorption band. 

Since work on this paper was completed and ten- 
tatively reported at the symposium of the Chemical 
Society of London in February 1956 [27], a paper by 
Derbyshire and Peters on the interaction between 
Chlorazol Sky Blue FF and Chrysophenine G has 
appeared [28]. From a study of the spectral changes 
caused by variations in the relative concentrations 
of the two dyes in aqueous solution, they conclude 
that a 1:1 complex is formed, provided that the 
Chrysophenine G is not in excess, and that com- 
plexes richer in the yellow dye are formed when 
higher concentrations of Chrysophenine G are used. 
Qur results with Brilliant Yellow are consistent with 
the formation of such a 1:1 complex at low concen- 
trations of vellow dye. However, the lack of a 
second isosbestic point as the concentration of the 
yellow dye is increased and the similarity between 
the effect of inorganic salts and the effect of increas- 
ing dye concentration on the spectrum of the mix- 
ture suggest a salting-out process rather than the 
formation of complexes richer in the yellow dye. 
From the heat of complex formation and from a 
study of the spectra of these dyes and dye mixtures 
on Cellophane, Derbyshire and Peters provide more 
evidence that the mechanism of complex formation 
is similar to that of dye adsorption by fibers. 
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